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 ABSTRACT 
Turfgrass lawns are commonly utilized for home and commercial applications because of 
the aesthetic, environmental, and recreational benefits grasses provide, but many people perceive 
turfgrass as solely an aesthetic benefit that requires significant water inputs. It is important to 
identify and use turfgrass cultivars that have known drought tolerance, and also fine-tune 
irrigation recommendations so these cultivars are precisely irrigated during establishment and 
throughout development. A series of field experiments were conducted to determine the water 
requirements of turfgrass lawn systems with the following objectives: 1) investigate differences 
in chronic drought resistance and irrigation recommendations among cultivars of Kentucky 
bluegrass (Poa pratensis L.) and tall fescue (Festuca arundinacea Schreb.) 2) determine the 
water use of Kentucky bluegrass as affected by cultivar, irrigation frequency, and soil texture; 3) 
and determine the reference evapotranspiration (ETo) percent replacement that maximizes 
bermudagrass (Cynodon dactylon [L.] Pers.) establishment from seed and whether Turfgrass 
Water Conservation Alliance qualified cultivars require less water to establish from seed. From 
the cultivars evaluated, PST-K13-137 and NAI-13-132 Kentucky bluegrasses were the most 
drought tolerant and drought susceptible cultivars, respectively, and the tall fescue cultivar 
Thunderstruck was the most drought tolerant and Titanium 2LS was the most drought 
susceptible. For both species, there were no significant differences in cumulative water 
requirements, likely be due to the lack of inclusion of experimental controls with known drought 
tolerance. Lysimeters plots irrigated to replace 40% ETo and containing loamy sand resulted in 
less green turfgrass coverage than those grown in silt loam. Water use was significantly affected 
by soil texture only during late summer 2018, with lysimeters containing silt loam and loamy 
sand using 23.8 and 22.5 mm per week, respectively. These results imply that, under prolonged 
drought stress, soil texture has minimal effect on water consumption. Irrigating to replace 100% 
 ETo is adequate to maximize bermudagrass establishment from seed. These conclusions validate 
the global water-saving potential when drought tolerant cultivars and precise irrigation 
recommendations are implemented. 
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Chapter I: 
Introduction and Literature Review 
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INTRODUCTION 
Turfgrasses are beneficial to humans and the environment by providing recreational 
space, dust and erosion control, and carbon sequestration (Beard and Green, 1994). While 
turfgrass is also aesthetically pleasing, many perceive turfgrass systems as only a visual benefit 
that require significant water inputs. Synthetic turf has become increasingly popular to 
homeowners and regulators due to low water inputs relative to turfgrass, but synthetic turf has 
been reported to reach temperatures as great as 93°C in Provo, UT on a day when the surface 
temperature was 31°C, posing a concern for safety issues on synthetic surfaces (Williams and 
Pulley, 2002). 
Turfgrass accounts for 16.4 million ha, or roughly 1.9% of the surface area of the United 
States (Milesi et al., 2005). The cool-season turfgrass species tall fescue (Festuca arundinacea 
Schreb.) (TF) and Kentucky bluegrass (Poa pratensis L.) (KBG) are popular in the northern 
United States and transition zone. The transition zone is not well-suited for warm- or cool-season 
grasses. Cool-season grasses are popular because they provide green coverage year-round, 
contrary to the straw-colored appearance of warm-season turfgrass during their dormancy period, 
which is typically from late fall through early spring. However, warm-season turfgrasses, such as 
bermudagrass (Cynodon dactylon [L.] Pers.), perform well through the late spring to early fall 
months and have lower water requirements relative to cool-season grasses. 
Irrigating turfgrass may be necessary for plant survival in areas that are significantly 
affected by drought, which is important to monitor as drought affects water availability for 
turfgrass systems. The University of Nebraska provides a United States Drought Monitor site 
which updates drought conditions weekly for the U.S. and nearby affiliated territories 
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(droughtmonitor.unl.edu). Under extended drought conditions, irrigation may be applied to a 
turfgrass system to alleviate drought stress symptoms and improve overall quality. 
Instead of irrigating lawns, some policy makers have created incentives that encourage 
homeowners to replace their turfgrass with other landscapes utilizing water-efficient plants 
and/or hardscapes (LACWD, 2018). A lawn replaced with xeric plants nullifies the recreational 
benefits that turfgrasses provide, forcing individuals to local parks to partake in recreational 
activities, and likely reducing the incidence of these activities due to the increased travel and 
time commitment. A better understanding of what affects turfgrass water use and how it can be 
determined is important when creating incentives and regulations that remove grass lawns from 
the landscape. 
The loss of water from the surface as evaporation and through plant use as transpiration is 
collectively termed evapotranspiration (ET) (Allen et al., 1998). More than 90% of the water 
consumed by a turfgrass plant is lost by transpiration, with only 1 to 3% of the absorbed water 
used in metabolic processes (Beard, 1973; Hopkins, 1999). In turfgrass research, reference 
evapotranspiration (ETo) is commonly estimated by meteorological data. Reference ET deals 
with the evapotranspiration from a hypothetical grass reference crop with a height of 0.12 m, a 
fixed surface resistance of 70 s m-1 and an albedo of 0.23 (Allen et al., 1998). The Food and 
Agricultural Organization of the United Nations recommend the Penman-Monteith equation as 
the method for estimating ETo, which is a complex equation that utilizes site-specific latitude and 
altitude and various meteorological factors such as solar radiation, air temperature, humidity and 
wind speed (Allen et al., 1998). The knowledge of reference evapotranspiration data can aide in 
efficient irrigation by only providing the grass with the volume of water required to maintain 
acceptable quality turf. 
  4 
Deficit irrigation has been used as a strategy to identify drought resistant turfgrasses by 
irrigating the plant to replace fractional ETo levels (Feldhake et al., 1984; Bushman et al., 2012). 
The goal of deficit irrigation is to reduce irrigation events without affecting turfgrass quality. A 
study comparing two hybrid bluegrass (Poa pratensis L. × Poa arachnifera Torr.) cultivars, one 
KBG cultivar, and one TF cultivar under 60 and 100% ETo replacement demonstrated that the 
deep-rooting characteristics of TF resulted in less drought stress when compared to KBG in the 
transition zone (Bremer et al., 2006). 
A crop coefficient (Kc) can be used with ETo to fine-tune irrigation scheduling for a 
specific crop at a given location to estimate the crop evapotranspiration (ETc) (Allen et al., 
1998). The crop coefficient for each crop is determined by the amalgamation of crop height, 
albedo, canopy resistance, and evaporation from soil (Allen et al., 1998). A Kc of 0.8 is typically 
recommended for cool-season turf, whereas 0.7 is recommended for warm-season species 
(Devitt and Morris, 2008; Meyer et al., 1985). Wherley et al. (2015) attempted to obtain season- 
specific Kc values for the various warm-season turfgrasses ‘Tifway’ bermudagrass (Cynodon 
dactylon (L.) Pers. × Cynodon transvaalensis Burtt-Davy), ‘Empire’ zoysiagrass (Zoysia 
japonica Steud.), ‘Floratam’ St. Augustinegrass [Stenotaphrum secundatum (Walter) Kuntze], 
and ‘Argentine’ bahiagrass (Paspalum notatum Flugge) under well-watered conditions in 
Florida. The results indicated that water use among species was similar except for ‘Argentine’ 
bahiagrass, which had an elevated Kc of 0.88 compared to 0.82 for ‘Tifway’ bermudagrass in 
2010. Crop coefficients fluctuated throughout the year, peaking at ~0.8 during the active growing 
months and declining to ~0.3 in late fall and winter (Wherley et al., 2015). Understanding the 
water use of turfgrasses under well-watered conditions may help identify cultivars that require 
less water in water-limiting situations. 
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Chronic and acute drought stress studies have been effective in screening cultivars for 
their drought tolerance. In chronic drought stress studies, irrigation is suspended until the turf 
reaches a specified quality threshold, then irrigation of a predefined volume is applied to the turf 
below the quality threshold. However, acute drought stress studies involve suspending irrigation 
and periodically evaluating turfgrass quality until the dry-down period has ended, typically when 
most of the experimental area is extremely drought stressed. 
In a chronic drought stress study, Sandor et al. (2019) observed that ‘Mallard’ KBG 
maintained acceptable green turf coverage in 2016 when irrigated to replace 60% of crop 
evapotranspiration (ETc), while ‘Snap’ KBG irrigated at 100% ETc did not consistently maintain 
acceptable coverage throughout the study. Wilt-based irrigation can also be utilized, which is 
withholding irrigation until the turfgrass exhibits visual drought stress symptoms at a specified 
threshold. A study by Lewis et al. (2012) evaluated the effects of wilt-based irrigation in KBG by 
applying irrigation at a 25 mm depth when a visual rating of a plot showed greater than 50% 
drought-stress symptoms. These results suggested that KBG cultivars in the Compact America 
and Mid-Atlantic phenotypic groups required the least amount of water and took the longest to 
reach 50% coverage under drought stress. Richardson et al. (2012) compared water use of TF 
and KBG cultivars that received 13 mm of irrigation when turf coverage dropped below 40%. 
That study demonstrated that the best-performing TF cultivar, RK4, required 43% less 
supplemental irrigation than the worst-performing TF cultivar, Rebel Exeda, to maintain similar 
levels of green turf coverage. For the KBG cultivars, Mallard used 55% less supplemental 
irrigation than Solar Green. Wilt-based irrigation can be a realistic approach to irrigation for 
homeowners since visual drought stress symptoms are easy to identify. Also, this approach can 
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have both financial and environmental implications. Only irrigating the turfgrass when the plant 
requires water has potential to save the homeowner money while also reducing global water use. 
Richardson et al. (2008) reported that ‘Geronimo’ KBG lost 50% green turfgrass 
coverage three weeks sooner than ‘Mallard’ KBG under acute drought stress. In regions that 
receive periodic precipitation during the summer months, an improved cultivar such as Mallard 
may not require irrigation to maintain turfgrass quality at an acceptable level. In a study by 
Goldsby et al. (2015), the KBG cultivars Apollo and Bedazzled maintained green coverage 
longer in both 2010 and 2011, indicating that both cultivars recovered well following extended 
drought. All 30 KBG cultivars recovered well after 82 and 62 days of drought, supporting the 
results of Richardson et al. (2008) that KBG cultivars that exhibited better drought tolerance also 
recovered more rapidly than drought susceptible cultivars. Bushman et al. (2012) evaluated the 
green coverage of 24 KBG cultivars and observed seven cultivars with consistently greater turf 
coverage in August than the check cultivar, Midnight, which averaged 5.5 and 38% green 
coverage in 2009 and 2010, respectively. Another investigation by Richardson et al. (2009) 
reported that the KBG cultivars Mallard, Bluestone, and Arrow were the most drought-tolerant 
over a two-year acute drought study. 
The National Turfgrass Evaluation Program (NTEP) is a program that conducts broad 
testing to evaluate geographically well-adapted turfgrass cultivars (NTEP, 2019). The NTEP 
trials are performed across the United States and Canada to identify cultivars for various 
characteristics such as quality, color, density, and uniformity. More recently, the NTEP has 
initiated new programs to evaluate cultivars that perform well under limiting conditions, such as 
drought and low fertility. The Cooperative Turfgrass Breeders Test (CTBT; ctbt-us.info) is 
similar to the NTEP as cultivars are evaluated on various characteristics across the United States, 
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but CTBT trials only include cool-season turfgrass species. (CTBT, 2019) Another group is the 
Turfgrass Water Conservation Alliance (TWCA; tgwca.org), which utilizes acute drought studies 
to identify grasses with superior drought tolerance characteristics (Hignight et al., 2019). The 
TWCA was founded in 2010 and evaluates and promotes drought tolerant varieties in the 
landscape (Karlin, 2018). The TWCA also provides certification for those varieties to be 
marketed, so the end users can identify the grasses with water conservation benefits when 
purchasing seed. The Alliance for Low Input Sustainable Turf (A-LIST; a-listturf.org) certifies 
turfgrass cultivars for not only reduced water requirements, but for also reduced chemical and 
fertilizer inputs (A-LIST, 2016). 
Once drought tolerant cultivars are identified, there is a need to fine-tune irrigation 
recommendations so that lawns are receiving only the volume of irrigation required to maintain 
acceptable turf quality, which can be influenced by the soil texture the turf is grown in. While the 
TWCA eliminates confounding factors such as soil type when determining drought tolerant 
grasses, soil texture has an effect on the irrigation recommendations for turfgrasses. Sandy soils 
are known to have a lower water-holding capacity compared to silt-textured soils which has the 
greatest available water because its texture allows for the best combination of pores and surfaces 
(Foth, 1990). The greater volume of pore space within silt-textured soils compared to sandy soils 
allows for silt soils to have a greater water-holding capacity. Due to varying water-holding 
capacities among soil textures, crops grown in sandy soils will require irrigation more frequently 
than finer-textured soils. 
A potential concern of homeowners is whether the lawn quality will decrease if irrigation 
frequency decreases. Lee (2014) reported that turfgrass quality and color did not differ when TF 
varieties were irrigated every other day or irrigated weekly. Jordan et al. (2003) evaluated turf 
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quality, shoot density, and root length density of five creeping bentgrass (Agrostis stolonifera L.) 
cultivars when irrigated at frequencies of 1, 2, or 4 days. When precipitation was limiting in the 
1998 season, the 4-d irrigation frequency treatment resulted in the greatest turfgrass quality 
primarily due to greater shoot density and root length density compared to the more frequent 
irrigation treatments (Jordan et al., 2003). The ability to limit the frequency at which grasses are 
irrigated can be beneficial to users in areas where periodic rains are likely or where irrigation 
restrictions are imposed, such as San Antonio, TX, where irrigation systems are allowed to be 
operated based on the level of the Edwards Aquifer (SAWS, 2019). In areas that have 
predominately sandy soils, irrigation frequency restrictions may negatively affect turf quality.  
An area of literature where turfgrass water requirements have not been explored in great 
detail is during establishment from seed. The vast majority of studies have been conducted in the 
southwestern U.S. evaluating turfgrass establishment from seed from various species when 
irrigated at 100% replacement volumes of ETo or greater (Serena et al., 2012; Schiavon et al., 
2012, 2013, 2015). A study by Schiavon et al. (2012) was conducted in Las Cruces, NM in 2008 
and 2009 to determine the establishment of ‘Princess 77’ bermudagrass and ‘Sea Spray’ seashore 
paspalum (Paspalum vaginatum O. Swartz) when seeded in either March or June and irrigated 
with saline water from either overhead or subsurface irrigation. Establishment did not differ 
between the two grasses regardless of seeding date, irrigation type, or water quality. When data 
were averaged over water quality and seeding dates, sprinkler irrigation resulted in greater 
coverage (90% in 2008 and 92% in 2009) than subsurface irrigation (58% in 2008 and 80% in 
2009) (Schiavon et al., 2012). The results from the previous study implies that germination rates 
were greater when irrigated using overhead irrigation instead of subsurface irrigation and that 
water quality (potable vs. saline) did not affect establishment. Similar results were observed in 
  9 
Schiavon et al. (2013), where the establishment of TF and KBG using subsurface or overhead 
irrigation with either saline or potable water was investigated. Generally, irrigating with 
overhead irrigation resulted in greater seedling density 30 days after seeding and greater 
coverage at the end of the establishment period. The results suggest that cool-season turfgrass 
can be established when irrigated via subsurface irrigation but can be delayed when compared to 
overhead irrigation (Schiavon et al., 2013). However, Serena et al. (2012) found that grasses 
established using saline water reached 95% green coverage 26 days earlier on average compared 
to using potable water during the spring. Most of these experiments were performed in arid 
climates and sandy soils, whereas a more humid climate and finer-textured soils may result in 
less evaporative loss. It is unknown if turfgrasses can be established when replacing ETo at 
volumes < 100%, further allowing for less water to be used in the landscape. 
Most recently, Sandor (2018) investigated the establishment of ‘RK4’ and ‘Rebel Exeda’ 
TF when irrigated to replace 125, 100, 75, or 50% of the previous day’s ETo. At the time of the 
experiment, ‘RK4’ was certified by the TWCA for its superior drought tolerance. The results 
indicated that cultivar had no effect on establishment, and that replacing 75% ETo daily led to 
similar establishment compared to replacing 100% ETo. Peacock (2001) found that TF could be 
established by sod during the summer by replacing 80% of potential evapotranspiration while 
200% of the potential evapotranspiration was required during the spring. 
 Currently, information available to homeowners and practitioners with respect to the 
volume of water required to establish turfgrass from seed is limited. Common resources for end 
users to utilize for determining irrigation recommendations during establishment include 
university extension fact sheets. A common theme among extension fact sheets outlining 
turfgrass establishment from seed is that the recommendations are rather ambiguous. Many 
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authors recommend frequent (or daily) irrigation (Munshaw, 2016; Samples and Sorochan, 2007; 
Patton et al., 2008). Also, authors recommend frequent irrigation to maintain soil moisture at 
depths of 1 inch (Patton and Boyd, 2007) or 1 to 2 inches (Martin and Hillock, 2002). While 
these guidelines may seem practical to trained scientists and turfgrass managers, the exact 
volume of water required to establish turf from seed is unknown. End users are forced to 
interpret these recommendations, which can lead to excess water usage via overirrigation. 
Bremer et al. (2012) reported that 67-90% of homeowners with automatic irrigation systems 
watered two to three times weekly, whereas 19-31% of homeowners without automatic systems 
irrigated at that same frequency. The homeowners without automatic systems irrigated at 
volumes based on the visual drought-stress symptoms, while those with automatic systems 
applied the same volume consistently (Bremer et al., 2012). The study also determined that the 
majority of homeowners (65-90%) did not know how much water they applied during each 
irrigation event. 
The knowledge of precise irrigation recommendations can potentially be built into smart 
irrigation controllers to minimize water waste and to assist in more efficient irrigation. Smart 
irrigation controllers, such as ET controllers, integrate ET data to aide in scheduling irrigation 
run times. Davis et al. (2009) reported potential annual water savings up to 63% when using ET 
controllers compared to calendar-based irrigation treatments. While ET controllers can provide 
significant water savings, obtaining accurate ET data can be challenging. These limitations can 
be attributed to limited access to a constant Wi-Fi source or local weather stations (Vick et al., 
2017). A precipitation event that resulted in scattered showers over an area can result in 
measurable rainfall at the site of the nearest weather station, although no rainfall actually 
occurred at the site of the ET controller. This scenario could possibly result in an unnecessary 
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irrigation event. As technology advances with respect to smart controllers, and more weather 
stations become available to extract ET data from, the effectiveness of these devices will 
increase. In the future, smart controllers can potentially incorporate factors for turfgrass species, 
cultivars, and soil texture to better aide in irrigation scheduling, further reducing global water 
consumption. 
Based on the limited research on turfgrass water requirements during establishment, and 
to improve upon cultivar selection and irrigation recommendations, the following objectives are 
proposed: 
1) Investigate differences in chronic drought resistance and irrigation requirements 
among cultivars of Kentucky bluegrass and tall fescue. 
2) Determine the water use of Kentucky bluegrass as affected by cultivar, irrigation 
frequency, and soil texture. 
3) Determine the reference evapotranspiration percent replacement that maximizes 
bermudagrass establishment from seed and whether Turfgrass Water 
Conservation Alliance qualified cultivars require less water to establish from 
seed. 
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Chapter II: 
 
Investigating Differences in Chronic Drought Resistance and Irrigation Requirements 
Among Cultivars of Kentucky Bluegrass and Tall Fescue 
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ABSTRACT 
 As regional drought becomes more prevalent, irrigation restrictions will continue to be 
enforced on lawn turf. As a result, the identification and use of drought-tolerant turf cultivars 
will be important to allow for lawns to maintain acceptable quality turf under such conditions. 
The objective of this study was to investigate differences in chronic drought tolerance and 
irrigation requirements among cultivars of Kentucky bluegrass (Poa pratensis L.) and tall fescue 
(Festuca arundinacea Schreb.). Fifteen Kentucky bluegrass and 19 tall fescue cultivars were 
established in a field trial in Fayetteville, AR and evaluated during chronic drought stress events 
under a rainout shelter in 2017, 2018, and 2019. Drought tolerance was measured as the 
cumulative reference evapotranspiration estimated for each cultivar to decline to 50% green 
coverage in 2017, 2018, and 2019. Plots were irrigated when a critically low green coverage 
threshold was reached and irrigation volumes and recovery following irrigation events were 
evaluated. Significant differences were present among cultivars for both species and PST-K13-
137 and Thunderstruck withstood 1.9 and 1.5x more reference evapotranspiration loss than NAI-
13-132 and Titanium 2LS, respectively. There were no differences in cumulative water 
requirements. There were also minimal differences among species when evaluating the change in 
initial and average green coverage. This could likely be due to the lack of inclusion of standard 
drought tolerant and susceptible controls.  
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INTRODUCTION 
Turfgrasses are beneficial to humans and the environment by providing recreational 
space, dust and erosion control, and carbon sequestration (Beard and Green, 1994). While 
turfgrass is also aesthetically pleasing, many perceive turfgrass systems as only a visual benefit 
that requires excessive water inputs. 
Turfgrass has received a negative reputation from many who identify turfgrass as a 
water-wasting environmental detriment. Aside from homeowners overwatering their lawns 
(Bremer et al., 2012), this reputation is due mainly to improper irrigation system adjustments, 
such as overextended radius of throw or wetted arc. In addition, irrigation systems programmed 
to run on a schedule can lead to irrigation events occurring during or shortly after heavy rainfall 
events, further amplifying the perception of turfgrass. 
Policy makers have also created incentives that encourage homeowners to replace their 
turfgrass with other landscapes utilizing water-efficient plants and/or hardscapes (LACWD, 
2018). A lawn replaced with xeric plants nullifies the recreational benefits that turfgrasses 
provide, requiring individuals to travel to local parks to partake in recreational activities, and 
likely reducing the incidence of these activities due to the travel and time commitment. A better 
understanding of turfgrass water requirements by homeowners and policy makers is needed to 
identify and use cultivars that require less water to maintain acceptable quality. 
The National Turfgrass Evaluation Program (NTEP) is a program that conducts broad 
testing to evaluate geographically well-adapted turfgrass cultivars (NTEP, 2019). The NTEP 
trials are performed across the United States and Canada to identify cultivars for various 
characteristics such as quality, color, density, and uniformity. More recently, the NTEP has 
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initiated new programs to evaluate cultivars that perform well under limiting conditions, such as 
drought and low fertility. 
The cool-season turfgrass species tall fescue (Festuca arundinacea Schreb.) (TF) and 
Kentucky bluegrass (Poa pratensis L.) (KBG) are popular in the northern United States and 
transition zone. The transition zone is not well suited for warm- or cool-season grasses. These 
cool-season grasses are popular because they provide green coverage year-round, contrary to the 
straw-colored appearance of warm-season turfgrass during their dormancy period, which 
typically occurs from late fall through early spring. The elevated summer temperatures in the 
transition zone is often coupled with a lack of precipitation or irrigation, which creates drought 
stress for these species and lowers quality and limits growth (Wang and Huang, 2004). Under 
such conditions, irrigation may be applied to a turfgrass system to alleviate drought stress 
symptoms and improve overall quality.  
Studies involving acute drought stress have been effective in evaluating the water 
requirements of drought tolerant turfgrass cultivars (Goldsby et al., 2015; Richardson et al., 
2008, 2009; Bushman et al., 2012). In these studies, the experimental area is well-watered prior 
to the initiation of the trail. Thereafter, irrigation is suspended and turfgrass quality evaluations 
are periodically recorded until the dry-down period has ended, typically when most of the 
experimental area is extremely drought stressed. Previous studies have had success in separating 
cultivars under acute drought stress. Richardson et al. (2012) compared water use of TF and 
KBG cultivars that received 13 mm of irrigation when turf coverage dropped below 40%. That 
study demonstrated that the best-performing TF cultivar, RK4, required 43% less supplemental 
irrigation as the worst-performing TF cultivar, Rebel Exeda, to maintain similar levels of green 
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turf coverage. For the KBG cultivars, Mallard used 55% less supplemental irrigation than Solar 
Green. 
Chronic drought stress studies are also beneficial in identifying drought tolerant grasses 
(Lewis et al., 2012). In these studies, irrigation is suspended until turfgrass quality levels reach a 
specified threshold, then a defined irrigation volume is applied. Sandor et al. (2019) observed 
that ‘Mallard’ KBG maintained acceptable green turf coverage in 2016 when irrigated to replace 
60% of crop evapotranspiration (ETc), while ‘Snap’ irrigated at 100% ETc did not consistently 
maintain acceptable coverage throughout the study. Wilt-based irrigation can also be utilized, 
which is withholding irrigation until the turfgrass exhibits visual drought stress symptoms at a 
specified threshold. This can be a realistic irrigation approach for homeowners since drought 
stress symptoms are easy to identify. Also, this approach can have both financial and 
environmental implications. Only irrigating the turfgrass when the plant requires water has 
potential to save the homeowner money while also reducing global water use. 
Turfgrasses have been reported to vary in drought tolerance, with differences observed 
both within and among species. Turfgrass breeders continue to develop more drought tolerant 
cultivars, so it is important to screen the latest materials for drought tolerance and water 
requirements. The objective of this study was to investigate differences in chronic drought 
resistance and irrigation requirement among cultivars of Kentucky bluegrass and tall fescue. It 
was hypothesized that differences in drought resistance will be observed among cultivars of 
Kentucky bluegrass and tall fescue. 
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MATERIALS AND METHODS 
Experimental area 
This study was conducted at the Milo J. Shult Agricultural Research and Extension 
Center in Fayetteville, AR (36.10° N, 94.17° W) on a Captina silt-loam (Fine-silty, siliceous, 
active, mesic Typic Fragiudults) with an average pH of 6.2, which was determined from a 
composite sample of the experimental area (Table 1). Fifteen KBG cultivars were planted at a 
rate of 106 kg ha-1 and 19 TF cultivars were planted at a rate of 293 kg ha-1 in three replicate 1 
m2 plots, and cultivars were grouped by species within each replicate. The trial was planted on 
11 Oct. 2016. The seed in each plot was lightly raked to maximize seed-to-soil contact. Starter 
fertilizer was applied at planting at a rate of 25 kg P2O5 ha-1 (18-24-12, The Anderson’s Inc., 
Maumee, OH). After fertilizing, the area was covered with a germination blanket (item# 
PR1742, A.M. Leonard Inc., Piqua, OH). Irrigation was applied three times daily to maintain 
adequate soil moisture for establishment. After the turfgrass was established, irrigation frequency 
was reduced, and mowing occurred twice weekly at 6.4 cm with clippings returned. 
Drought initiation and data collection began 21 August, 4 June, and 25 July, and the trial 
continued for 59, 38, and 60 days in 2017, 2018, and 2019, respectively. The study was 
conducted under a rainout shelter (11 × 22 m in 2017 and 2018, 10 × 22 m in 2019, product 
code: K-206-30x72PS, Four Season Tools, Kansas City, MO) to exclude rain from the 
experimental area (Fig. 1). The open ends and walls of the rainout shelter allowed for natural air 
flow throughout the experimental area. The 0.15 mm thick plastic cover (Green-Tek Inc., 
Janesville, WI) attached to a metal shelter prevented rain from entering the site and allowed 
approximately 95% transmission of solar radiation to the experimental area. Nitrogen fertilizer, 
in the form of urea (46% N), was applied at rates of 50 kg N ha-1 in April, October, and 
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November, and 25 kg N ha-1 in May and September. The fungicide azoxystrobin (Heritage TL, 
Syngenta U.S., Greensboro, NC) was applied monthly at a rate of 0.13 mL m-2 to prevent 
diseases that could negatively affect green coverage. The experimental area was irrigated as 
needed to promote growth and avoid drought stress in the period leading up to data collection. 
Two days prior to the initiation of data collection, the experimental area was irrigated to field 
capacity. 
Evaluations  
Turfgrass coverage within each plot was determined using digital image analysis (DIA) 
(Richardson et al., 2001). Images were collected using a Canon Powershot G1X camera (Canon 
USA Inc., Melville, NY), which was a 14.3 megapixel camera, set to ISO 200, with a shutter 
speed of 1/40s, aperture of f/4.0, and focal length of 21 mm. White balance was manually set 
according to manufacturer instructions (Canon USA Inc., 2012) under illuminated conditions 
within a portable enclosed light box (NexGen Turf Research LLC, Albany, OR). All DIA images 
were captured from a height of 55 cm and the turfgrass area of each image measured 37 by 50 
cm. All images were 1200 × 1600 pixel JPEG files. The light box used four TCP 9W compact 
florescent light bulbs (TCP Inc., Item# 4890965, Aurora, OH). Images were then analyzed for 
turfgrass coverage in TurfAnalyzer (Karcher et al., 2017). Threshold settings for the analysis 
macro had hue range of 70-170 and saturation range of 10-100. 
Coverage estimates were recorded twice weekly, and for each plot, 13 mm of irrigation 
was applied within 24 hours if the estimated green turf coverage was below 50% for 2017 and 
65% thereafter. The green coverage threshold increased after 2017 due to cultivars failing to 
recover sufficiently after coverage values dropped below 50%. Irrigating once after cultivars 
dropped below 65% green turfgrass coverage allowed the plots to recover reasonably well 
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between irrigation events. When plots required irrigation, the flow from a pressure regulated 
(276 kPa) hose was calibrated by recording the time to fill up a 19 L bucket. The time needed to 
apply irrigation to each plot was adjusted based on the 13 mm of water to be replaced. 
Data analysis 
This trial was a one-factor (cultivar) randomized complete block design with three 
replications. Data for TF in 2017 was omitted due to loss of coverage due to disease injury. 
Cumulative and monthly water requirements for each cultivar within KBG and TF was recorded. 
Monthly and annual water requirement data were subjected to analysis of variance (ANOVA) 
and a means separation technique in PROC GLIMMIX (SAS v. 9.4, SAS Institute Inc., Cary, 
NC). Treatment means for significant effects were separated using Fisher’s protected LSD (α = 
0.05). 
The water requirement data were originally the only evaluation, but due to the lack of any 
significant effects, acute drought stress tolerance and recovery following irrigation were also 
evaluated. The acute drought tolerance among cultivars was evaluated with nonlinear regression. 
The following nonlinear regression methodology and sigmoid variable slope model was reported 
in Karcher et al. (2008). Scatter plots of the percent green turfgrass coverage data versus 
cumulative ETo since irrigation withholding indicated a strong nonlinear relationship. 
Furthermore, the data fit well to a sigmoid variable slope model: 
  green turfgrass coverage (%) = 100 / [ 1+10(ET50 — CET) × slope] 
where CET was cumulative ETo and ET50 and slope were estimated model parameters. ET50 was 
estimated to be the CET when green turfgrass coverage equals 50%. The slope parameter defined 
how rapidly turf coverage decreased over time with larger negative values representing steeper 
negative slopes of the sigmoid curve. 
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 A sum of squares F-test was used to determine if treatments significantly affected green 
turf coverage during the dry down period (Motulsky and Christopoulos, 2003). The F-test 
compared the sum of squares from a global model (all treatments share ET50 and slope values) 
against the cumulative sum of squares from models where ET50 and slope values were 
determined separately for each variety. If the sum of squares were reduced significantly (P < 
0.05) using separate parameter values, variety effects were determined to be significant. 
Parameter estimates were used to calculate confidence intervals (95%) for the CET until each 
plot reached 50% green turfgrass coverage in 2017 and 65% thereafter (Motulsky and 
Christopoulos, 2003). Treatments were considered significantly different if their confidence 
intervals did not overlap. Nonlinear regression of the turf coverage data was performed using 
GraphPad Prism version 8.0 (GraphPad Software Inc., La Jolla, CA). 
To determine how each cultivar responded to an irrigation event, the change in percent 
green turfgrass coverage (DC) for each variety after an irrigation event was determined. 
Typically, either two or three days passed between irrigation events and the subsequent coverage 
evaluations. To allow for cultivar comparison, the DC for each variety was then averaged to 
obtain an average DC. The initial DC from the initial irrigation event for each variety was also 
determined. Data were subjected to a one-way ANOVA and a means separation technique in 
PROC GLIMMIX (SAS v. 9.4, SAS Institute Inc., Cary, NC). Treatment means for significant 
effects were separated using Fisher’s protected LSD (α = 0.05). 
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RESULTS AND DISCUSSION 
Water requirements 
 For each of the 2017, 2018, and 2019 trials of the present study, no differences were 
observed for cumulative annual water requirements among TF and KBG cultivars (Table 2). 
While monthly water requirements were significantly different between cultivars during all years 
(P < 0.0001), months cannot be reasonably compared because some months only represented 
fractions of the month due to compromised experiments. The lack of range in drought tolerance 
among varieties could be due to no susceptible checks included in the present experiment. 
Richardson et al. (2012) identified Solar Green as a drought susceptible KBG cultivar under 
chronic drought tolerance, requiring 55% more supplemental irrigation compared to Mallard, the 
cultivar with the lowest irrigation requirement to maintain 40% green coverage. For TF cultivars, 
Richardson et al. (2012) determined that Rebel Exeda was drought susceptible, as Rebel Exeda 
required 43% more supplemental irrigation than RK4. The inclusion of the aforementioned 
cultivars may have assisted in determining the drought tolerance of the entries in the present 
study. The cultivars in the present study may all have relatively good drought tolerance, but that 
cannot be confirmed since no drought susceptible controls were included. 
 Nonetheless, the range of cumulative water use for KBG varieties varied from 77.1 mm 
(PST-K13-143) to 47.3 mm (Barr PP 110358) when averaged across all three seasons, which is a 
difference of slightly more than two irrigation events during this trial. A numerically similar 
range for the TF varieties was observed, as DLFPS 321/3679 and LTP-SYN-A3 both required 
56.1 mm of irrigation and BAR FA 121095 averaged 87.8 mm of irrigation required over 2018 
and 2019. The TF results were similar to those reported in Richardson et al. (2012) as the water 
requirements in that study ranged from 56.9 to 98.8 mm of annual irrigation. However, the KBG 
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water requirements in the present study were much lower than those presented in Richardson et 
al. (2012), which had KBG values ranging from 63.5 to 139.7 mm of annual irrigation.  
Initial acute drought tolerance – Kentucky bluegrass 
 KBG cultivars significantly affected green turfgrass coverage during the dry-down in all 
three years of the study (Table 3). In previous studies (Karcher et al., 2008; Richardson et al., 
2008), the sigmoid model for predicting turfgrass coverage provided a good fit of green coverage 
data and the present study resulted in average R2 values of 0.66, 0.80, and 0.70 in 2017, 2018, 
and 2019, respectively (Table 4). 
 The average cumulative ETo after dry-down initiation for KBG cultivars to reach 50% 
green coverage was 130.6 mm in 2017, 185.5 mm in 2018, and 72.1 mm in 2019 (Table 4). The 
differences between 2017 and 2018 could likely be attributed to the development of deeper roots 
(Ebdon and Kopp, 2004), as the turf in 2017 could still be considered juvenile compared to the 
2018 trial. The decrease in 2019 was likely due to the initiation of data collection beginning in 
late July, when confounding factors such as heat stress could greatly increase irrigation 
requirements for KBG lawn turf.  
The KBG cultivar PST-K13-137 demonstrated the best drought tolerance in all three 
years of the trial, with PST-K13-137 reaching 50% green coverage after losing 194, 266, and 106 
mm of ETo in 2017, 2018, and 2019, respectively (Table 4). Cultivars such as Babe, Blue Note, 
Dauntless, Everest, and PST-K11-118 performed well in 2017 and 2018 but were similar to the 
cultivar exhibiting the lowest drought tolerance in 2019, likely due to less heat tolerance 
compared to the other cultivars in the trial (Figs. 2, 3, and 4). The range in drought tolerance 
among KBG cultivars is also depicted by the estimated cumulative ETo before each cultivar 
reached 0% coverage (Fig. 5, 6, and 7). 
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The KBG cultivars demonstrating the lowest drought tolerance, as measured by days to 
reach 50% green coverage, included NAI-13-132 and PST-K13-143. These cultivars averaged 
water consumption of 99 and 103 mm of ETo, respectively, prior to reaching 50% green 
coverage. Validating the drought tolerance of the cultivars in the current study is difficult as 
many of the entries were labeled as experimental, therefore the published data are limited. 
Initial acute drought tolerance – tall fescue 
 TF cultivars significantly affected green turfgrass coverage during the dry-down in both 
years of the study (Table 5). The sigmoid model for predicting turfgrass coverage provided a 
good fit for green coverage, resulting in average R2 values of 0.78 and 0.66 for 2018 and 2019, 
respectively (Table 6).  
 In 2018, TF cultivars began to show initial symptoms of drought stress after 
approximately 50 mm of ETo loss (Fig. 8). In the 2019 trial, drought stress symptoms occurred 
almost initially (Fig. 9). However, the trends between cultivars were similar between the two 
years of the study. 
 The average cumulative ETo after dry-down initiation for TF cultivars to reach 50% 
green coverage was 203.8 mm in 2018 and 69.9 mm in 2019 (Table 6). As mentioned previously, 
the late trial initiation in 2019 could be a factor as to why the dry-down occurred so rapidly. 
 The cultivars Thunderstruck and Thor demonstrated the best drought tolerance in both 
years of the trial, with Thunderstruck reaching 50% green coverage after losing 230 and 112 mm 
of ETo in 2018 and 2019, respectively (Table 6). Cultivars such as Kingdom, LTP-SYN-A3, and 
Nonet had favorable drought tolerance on average for both years (Figs. 10 and 11). However, in 
2019 Kingdom and LTP-SYN-A3 were similar to the cultivars demonstrating the lowest drought 
tolerance (Fig. 11). 
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 The TF cultivars presenting the lowest drought tolerance, as measured by ETo loss to 
reach 50% green coverage, included Titanium 2LS and DLFPS 321/3678 (Table 6). The 
cultivars averaged ETo losses of 114.4 and 119.9 mm prior to reaching 50% green coverage. Due 
to variability among Thunderstruck plots resulting in large confidence intervals, Titanium 2LS 
was similar to Thunderstruck in 2019 (Fig. 10). As with the KBG cultivars, almost half of the 
entries were denoted as experimental, hence little is known regarding their drought tolerance. 
Including TF cultivars with known drought tolerance, such as RK4, Rebel Exeda, or K-31 
(Richardson et al., 2012) would likely have improved separation among entries. 
 The lack of drought tolerant and susceptible experimental controls in this study could 
provide insight as to why the cultivar separation in the present study was not as profound as in 
previous studies (Karcher et al., 2008; Richardson et al., 2008, 2012). However, inclement 
weather also caused the experimental area to become inundated with water on multiple occasions 
throughout the three years of this study, not allowing for the study to last the proposed 100 days 
each year. Longer studies each year, and therefore more irrigation events, may have also 
provided greater separation among cultivars. 
Change in green turfgrass coverage 
 The average DC among KBG cultivars differed only in 2017 (P = 0.01), whereas 
differences were observed among TF cultivars only in 2019 (P = 0.03) (Table 7). For KBG in 
2017, the range of average DC values varied within the statistical grouping with the greatest 
recovery with a range of 19.6% (Midnight) to 14.2% (Blue Devil) (Table 8). Barrari had the 
lowest average DC of 9.19%. Further, there were no differences in 2018 and 2019, which was 
likely due to more developed root systems in 2018 and 2019. Therefore, KBG cultivar may have 
limited effect on the DC following an irrigation event replacing 13 mm. 
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 For TF in 2019, LTP-SYN-A3 had the greatest DC and averaged a 6.0% increase in green 
coverage following an irrigation event (Table 9). The cultivar that had the lowest DC in the same 
statistical grouping was Nonet, which had a DC value of 0.3%. Five TF cultivars had average DC 
values less than zero, indicating that coverage continued to decrease following an irrigation 
event. The lowest performer, RS4, had an average DC of -3.1% and was in the same statistical 
group as DLFPS 321/3677 (2.7%). Much like the 2017 KBG average DC data, there were TF 
cultivars in 2017 that were statistically similar to both the best and worst performing cultivars 
(DLFPS 321/3677, Catalyst, PST-R511, Nonet). No differences in average DC were observed for 
TF cultivars during the 2017 and 2018 growing seasons, thus the TF cultivars in this trial may 
have limited effect on turfgrass recovery following an irrigation event. 
 In 2019, differences were observed for initial DC values when comparing TF cultivars 
(Table 10). Titanium 2LS had the greatest DC following the initial irrigation event (5.4%). 
However, DLFPS 321/3677 was in the same statistical grouping as Titanium 2LS but had an 
initial DC of -11.9%. Three TF cultivars, Titanium 2LS, PST-R511, and Supersonic (5.4, 4.5, 
and 3.7% DC, respectively) had significantly greater coverage responses than five cultivars, 
ranging from Kingdom (-12.3 DC) to GO-AOMK (-33.9 DC). Two other TF cultivars, DLFPS 
321/3678 and DLFPS 321/3679, were in the lowest statistical grouping with GO-AOMK. There 
was great variation within the statistical group with the greatest DC values, which led to positive 
DC values becoming similar to negative DC. The data for TF cultivars in 2017 was the only 
indication of a significant effect for initial DC, so caution should be used if attempting to utilize 
these results to determine a cultivar’s ability to respond to an irrigation event replacing 13 mm. 
While the results from the average DC data in this study were not compelling, average DC may 
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be a better response variable in assessing a cultivar’s response to an irrigation event, simply 
because there are more DC measurements available opposed to one DC measurement used when 
determining initial DC. 
 Ultimately, more research must be conducted to determine the drought tolerance of the 
cultivars in the present study. Under the methodology to determine irrigation requirements for 
each cultivar in the present study, the addition of cultivars with known drought tolerance or 
drought sensitivity is critical when assessing the drought tolerance of newer cultivars. In 
addition, greater separation in drought tolerance within species may have been observed if the 
study had been able to last 100 days instead of averaging ~52 days each season. Further, not 
grouping the cultivars by species would have allowed for the TF cultivars to be compared to the 
KBG cultivars. 
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TABLES AND FIGURES 
 
Tables 
 
Table 1. The soil pH and nutrient availability index collected from a composite sample of 
the experimental area in Fayetteville, AR. The nutrient concentrations were determined 
following the Mehlich III extraction method (Mehlich, 1984). 
Soil pH 6.2 
 
Nutrient mg kg-1 
Phosphorus 53 
Potassium 98 
Zinc 3.2 
Sulfate-S 23 
Calcium 902 
Magnesium 71 
Iron 239 
Manganese 133 
Copper 2 
Boron 0.4 
 
 
Table 2. Analysis of variance testing the main effects and their interactions on irrigation 
requirements during the 2017, 2018, and 2019 growing seasons. 
  2017 2018 2019 
Source of 
Variation  
Kentucky 
bluegrass 
Kentucky 
bluegrass 
Tall 
fescue 
Kentucky 
bluegrass 
Tall 
fescue 
 –––––––––––––––––––––––––– P > F –––––––––––––––––––––––– 
Cultivar NS† NS NS NS NS 
Month <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 
Cultivar×Month NS NS NS NS NS 
† NS, nonsignificant at the 0.05 probability level 
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Table 3. Hypothesis test sum of squares reduction analysis summaries for Kentucky 
bluegrass cultivar effects on green turfgrass coverage during dry-down in 2017, 2018, and 
2019. 
Sum of squares reduction test 2017 2018 2019 
Null hypothesis Shared regression parameters (Slope and Days50)† 
for all varieties 
Alternative hypothesis 
Different regression parameters for each variety 
Numerator df 28 28 28 
Denominator df 340 233 127 
F-value 4.89 10.17 5.81 
P-value < 0.0001 < 0.0001 < 0.0001 
†Slope and Days50 values determine percent green turf cover according to the formula: 
100/(1+10^((ET50-×)×Slope)) where ×=cumulative reference evapotranspiration (mm) after 
irrigation was ceased. 
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Table 4. Statistical parameters for predicting dry-down characteristics of Kentucky bluegrass cultivars. Smaller (more 
negative) slope values translate to more rapid declines in green turfgrass coverage over time. ET50 is the predicted reference 
evapotranspirative loss (from irrigation withheld) until the turf reaches 50% green coverage. An average ET50 was computed 
across years (data not shown) and cultivars are sorted by that average from most drought-tolerant to least drought-tolerant. 
 
± Standard error of slope. 
¶ Standard error of ET50. 
 
  2017   2018   2019 
Cultivar Slope SE± ET50 SE¶ R2   Slope SE± ET50 SE¶ R2   Slope SE± ET50 SE¶ R2 
PST-K13-
137 -0.005 0.001 194.0 17.52 0.53  -0.003 0.000 266.1 23.68 0.65  -0.018 0.004 106.1 6.06 0.86 
Barr PP 
110358 -0.009 0.001 149.2 4.68 0.83  -0.005 0.001 244.9 12.86 0.79  -0.020 0.005 78.8 6.51 0.58 
Babe -0.006 0.001 143.3 15.42 0.56  -0.005 0.001 189.8 17.31 0.71  -0.022 0.005 82.3 4.96 0.90 
Dauntless -0.007 0.001 135.1 9.64 0.68  -0.004 0.001 212.3 22.93 0.58  -0.043 0.013 64.0 3.14 0.86 
Blue Note -0.006 0.001 138.1 8.94 0.68  -0.005 0.001 213.1 18.48 0.63  -0.032 0.006 59.9 2.59 0.79 
PST-K11-
118 -0.007 0.001 151.9 14.32 0.53  -0.007 0.001 195.9 11.04 0.78  -0.019 0.008 59.8 8.63 0.40 
Everest -0.007 0.002 107.1 13.34 0.52  -0.007 0.001 165.2 7.39 0.88  -0.016 0.003 121.2 7.97 0.85 
PST-K15-
169 -0.007 0.001 107.5 7.04 0.69  -0.007 0.001 180.2 7.33 0.84  -0.015 0.005 102.7 13.00 0.58 
Barrari -0.006 0.001 130.5 12.77 0.62  -0.006 0.001 166.9 9.24 0.85  -0.022 0.004 61.9 3.84 0.72 
Blue Devil -0.006 0.002 129.2 16.77 0.46  -0.008 0.001 168.2 7.87 0.81  -0.030 0.009 56.0 4.15 0.72 
NAI-13-14 -0.008 0.002 134.3 11.64 0.62  -0.010 0.001 153.6 5.58 0.85  -0.018 0.007 60.2 9.19 0.44 
Midnight -0.009 0.001 130.0 6.54 0.73  -0.009 0.001 158.8 4.17 0.91  -0.038 0.011 54.4 3.23 0.76 
PST-K13-
141 -0.010 0.001 118.5 4.41 0.83  -0.008 0.001 167.9 5.56 0.91  -0.049 0.010 56.6 1.85 0.95 
PST-K13-
143 -0.014 0.002 96.2 3.70 0.85  -0.007 0.001 152.8 7.97 0.86  -0.017 0.006 61.0 7.67 0.49 
NAI-13-132 -0.014 0.002 93.8 4.50 0.79  -0.012 0.001 146.8 3.89 0.90  -0.021 0.007 56.1 5.93 0.52 
Mean     130.6   0.66       185.5   0.80       72.1   0.70 
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Table 5. Hypothesis test sum of squares reduction analysis summaries for tall fescue 
cultivar effects on green turfgrass coverage during dry-down in 2018 and 2019. 
Sum of squares reduction test 2018   2019 
Null hypothesis Shared regression parameters (Slope and ET50)† 
for all varieties 
Alternative hypothesis 
Different regression parameters for each variety 
Numerator df 36  36 
Denominator df 526  239 
F-value 2.77  2.85 
P-value < 0.0001   < 0.0001 
†Slope and Days50 values determine percent green turf cover according to the formula: 
100/(1+10^((ET50-×)×Slope)) where ×=cumulative reference evapotranspiration (mm) after 
irrigation was ceased. 
  
 
  
  
Table 6. Statistical parameters for predicting dry-down characteristics of tall fescue cultivars. Smaller (more negative) slope 
values translate to more rapid decreases in green turfgrass coverage over time. ET50 is the predicted reference 
evapotranspirative loss (from irrigation withheld) until the turf reaches 50% green coverage. An average ET50 was computed 
across years (data not shown) and cultivars are sorted by that average from most drought-tolerant to least drought-tolerant. 
± Standard error of slope. 
¶ Standard error of ET50.
  2018   2019 
Cultivar Slope SE± ET50 SE¶ R2   Slope SE± ET50 SE¶ R2 
Thunderstruck -0.006 0.000 230.0 7.72 0.87  -0.008 0.003 112.7 22.69 0.47 
Thor -0.006 0.001 225.6 8.31 0.83  -0.011 0.003 95.8 15.43 0.44 
LTP-SYN-A3 -0.007 0.001 228.3 10.20 0.75  -0.014 0.004 77.8 9.92 0.54 
Kingdom -0.006 0.001 229.1 12.35 0.69  -0.013 0.003 68.1 8.66 0.61 
Nonet -0.006 0.001 211.0 10.71 0.78  -0.012 0.003 84.6 10.77 0.56 
Stetson II -0.006 0.001 218.7 8.83 0.81  -0.018 0.004 65.6 6.80 0.63 
BarRubusto -0.008 0.001 205.8 8.47 0.78  -0.017 0.003 76.3 4.31 0.78 
PST-5SDS -0.009 0.001 200.3 7.05 0.79  -0.011 0.003 81.5 10.39 0.57 
DLFPS 
321/3677 -0.009 0.001 198.6 8.26 0.77  -0.015 0.003 80.6 7.00 0.67 
DLFPS 
321/3679 -0.007 0.001 199.8 9.18 0.79  -0.018 0.003 74.8 4.47 0.81 
Supersonic -0.009 0.001 186.0 5.89 0.86  -0.014 0.004 75.7 11.09 0.48 
MRSL TF15 -0.009 0.001 201.2 6.10 0.85  -0.017 0.005 55.2 8.37 0.66 
RS4 -0.012 0.002 194.2 6.31 0.71  -0.026 0.006 58.3 4.66 0.71 
PST-R511 -0.008 0.001 195.7 10.30 0.69  -0.027 0.005 56.3 3.18 0.78 
BAR FA 
121095 -0.007 0.001 194.5 13.75 0.60  -0.023 0.007 56.4 6.30 0.56 
GO-AOMK -0.007 0.001 195.0 10.99 0.78  -0.021 0.005 52.9 4.66 0.78 
Catalyst -0.008 0.001 192.0 6.16 0.85  -0.026 0.005 52.6 3.34 0.85 
DLFPS 
321/3678 -0.010 0.001 190.9 4.56 0.89  -0.050 0.010 48.9 1.34 0.85 
Titanium 2LS -0.010 0.001 174.8 7.28 0.75  -0.042 0.010 54.0 2.51 0.76 
Mean     203.8   0.78       69.9   0.66 
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Table 7. Analysis of variance testing the main effects of cultivar on average and initial D 
coverage during the 2017, 2018, and 2019 growing seasons. 
  
Average D coverage Initial D coverage 
Year  
Tall fescue Kentucky bluegrass Tall fescue Kentucky bluegrass 
 ––––––––––––––––––––––––––––––– P > F ––––––––––––––––––––––––––––– 
2017 NS† 0.01 N/A NS 
2018 NS NS NS NS 
2019 0.03 NS 0.002 NS 
† NS, nonsignificant at the 0.05 probability level 
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Table 8. The mean change in green turfgrass coverage between the date each Kentucky 
bluegrass cultivar had less than 50% green coverage (triggering an irrigation event 
replacing 13 mm) and the subsequent evaluation date in the 2017 growing season.  
Kentucky bluegrass cultivar Change in green turfgrass coverage (%)  
Midnight 19.6 ab 
NAI-13-14 17.5 ab 
PST-K13-141 16.3 abc 
PST-K15-169 16.1 abc 
PST-K13-137 15.7 abc 
Blue Devil 14.2 abcd 
PST-K11-118 12.7 bcd 
Barr PP 110358 11.6 cd 
NAI-13-132 11.5 cd 
PST-K13-143 11.3 cd 
Blue Note 10.9 cd 
Babe 10.8 cd 
Dauntless 9.8 d 
Everest 9.6 d 
Barrari 9.2 d 
Green turfgrass coverage means with the same letter are not significantly different (P < 0.05). 
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Table 9. The mean average change in green turfgrass coverage between the date each tall 
fescue cultivar had less than 65% green coverage (triggering an irrigation event replacing 
13 mm) and the subsequent evaluation date in the 2019 growing season.  
Tall fescue cultivar Change in green turfgrass coverage (%) 
  
LTP-SYN-A3 6.0 a 
BAR FA 121095 5.7 ab 
MRSL TF15 5.4 ab 
BarRubusto 4.9 ab 
Thunderstruck 4.7 abcd 
Titanium 2LS 4.3 abcde 
PST-5SDS 3.0 abcdef 
Supersonic 2.8 abcdef 
DLFPS 321/3677 2.7 abcdefg 
Catalyst 1.9 abcdefg 
PST-R511 1.5 abcdefg 
Nonet 0.3 abcdefg 
DLFPS 321/3678 0.1 bcdefg 
Thor -0.6 cdefg 
DLFPS 321/3679 -0.8 cdefg 
Stetson II -1.1 defg 
Kingdom -1.3 efg 
RS4 -3.1 g 
Green turfgrass coverage means with the same letter are not significantly different (P < 0.05). 
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Table 10. The mean change in green turfgrass coverage between the first date each tall 
fescue cultivar had less than 65% green coverage (triggering an irrigation event replacing 
13 mm) and the subsequent evaluation date in the 2019 growing season. 
Tall fescue cultivar Change in green turfgrass coverage (%) 
  
Titanium 2LS 5.4 a 
PST-R511 4.5 a 
Supersonic 3.7 a 
BAR FA 121095 3.1 ab 
BarRubusto 1.7 abc 
Thunderstruck 1.5 abc 
MRSL TF15 1.1 abc 
LTP-SYN-A3 0.5 abc 
Thor -3.9 abcd 
PST-5SDS -5.2 abcd 
Catalyst -5.8 abcd 
Stetson II -7.3 abcd 
RS4 -7.9 abcd 
DLFPS 321/3677 -11.9 abcd 
Kingdom -12.3 bcde 
Nonet -13.6 cde 
DLFPS 321/3678 -19.3 def 
DLFPS 321/3679 -27.7 ef 
Green turfgrass coverage means with the same letter are not significantly different (P < 0.05). 
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Figures 
 
 
 
Figure 1. The rainout shelter utilized throughout the duration of the experiment. (photo by 
author) 
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Figure 2. 95% confidence intervals for the reference evapotranspiration lost after water was 
withheld until Kentucky bluegrass cultivars reached 50% green turfgrass coverage in 2017. 
Cultivars with overlapping bars were not significantly different. 
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Figure 3. 95% confidence intervals for the reference evapotranspiration lost after water was 
withheld until Kentucky bluegrass cultivars reached 65% green turfgrass coverage in 2018. 
Cultivars with overlapping bars were not significantly different. 
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Figure 4. 95% confidence intervals for the reference evapotranspiration lost after water was 
withheld until Kentucky bluegrass cultivars reached 65% green turfgrass coverage in 2019. 
Cultivars with overlapping bars were not significantly different. 
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Figure 5. The relationship between cumulative reference evapotranspiration and percent green 
turfgrass coverage for Kentucky bluegrass entries in 2017. 
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Figure 6. The relationship between cumulative reference evapotranspiration and percent green 
turfgrass coverage for Kentucky bluegrass entries in 2018. 
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Figure 7. The relationship between cumulative reference evapotranspiration and percent green 
turfgrass coverage for Kentucky bluegrass entries in 2019. 
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Figure 8. The relationship between cumulative reference evapotranspiration and percent green 
turfgrass coverage for tall fescue entries in 2018. 
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Figure 9. The relationship between cumulative reference evapotranspiration and percent green 
turfgrass coverage for tall fescue entries in 2019. 
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Figure 10. 95% confidence intervals for the reference evapotranspiration lost after water was 
withheld until tall fescue cultivars reached 65% green turfgrass coverage in 2018. Cultivars with 
overlapping bars were not significantly different. 
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Figure 11. 95% confidence intervals for the reference evapotranspiration lost after water was 
withheld until tall fescue cultivars reached 65% green turfgrass coverage in 2019. Cultivars with 
overlapping bars were not significantly different. 
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Chapter III: 
 
Determining the Water Use of Kentucky Bluegrass as Affected by Cultivar, Irrigation 
Frequency, and Soil Texture 
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ABSTRACT 
 
Turfgrasses provide many functional, environmental, and aesthetic benefits, but many 
people perceive lawns as only a visual benefit that require significant water inputs. The use of 
drought tolerant grasses and deficit irrigation practices can reduce water use without sacrificing 
lawn quality, but a specific lawn’s irrigation requirement may vary by soil texture or irrigation 
frequency. The objective of this study was to determine the irrigation requirement of Kentucky 
bluegrass (Poa pratensis L.) as affected by cultivar, irrigation frequency, and soil texture. Two 
Kentucky bluegrass cultivars (Mallard and Geronimo), two soil textures (silt loam and loamy 
sand), two irrigation frequencies (1 and 3x weekly), and two irrigation volumes (40 and 80% ETo 
replacement) were evaluated in a lysimeter experiment. The experiment was conducted over 
three trials: late summer 2018 and early and late summer 2019. Turf quality was determined by 
evaluating green turf coverage and water use was determined by regularly weighing the 
lysimeters. Mallard and Geronimo did not differ in water usage, but Mallard maintained greater 
coverage throughout the experiment. Lysimeters irrigated to replace 40% reference 
evapotranspiration and containing loamy sand resulted in less green coverage and color than 
those grown in silt loam. Lysimeters replacing 80% reference evapotranspiration averaged 1.5x 
more water use than 40% reference evapotranspiration over the three experimental runs. Water 
use was significantly affected by soil texture only during the late summer 2018 experimental 
trial, with lysimeters containing silt loam and loamy sand using 23.8 and 22.5 mm per week, 
respectively. These results imply that, under prolonged drought stress, soil texture has minimal 
effect on water consumption. As smart irrigation technology develops, the results from this study 
can allow for end-users to select the cultivar and soil texture to be used in a lawn in conjunction 
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with ET data to provide precise irrigation applications that does not affect turfgrass quality while 
ultimately reducing water waste. 
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INTRODUCTION 
 
Turfgrasses are often perceived as being water-wasting plants in the landscape (Devitt 
and Morris, 2008). This opinion is further perpetuated by the poor irrigation habits of end users, 
including irrigation during rainfall events, excessive runtimes, and improperly adjusted 
sprinklers that can lead to irrigation applied to non-turf areas. Although end users are prone to 
irrigate improperly, potentially leading to overirrigation, irrigation may be necessary during 
periods of minimal precipitation as drought stress leads to lower turf quality and limits growth 
(Wang and Huang, 2004; Bremer et al., 2012). 
Turfgrass is utilized in the landscape because of its functionality and aesthetic appeal. 
Turfgrass accounts for 16.4 million ha, or roughly 1.9% of the surface area of the United States 
(Milesi et al., 2005). The cool-season turfgrass species Kentucky bluegrass (Poa pratensis L.) 
(KBG) is commonly utilized in the northern United States and transition zone. The transition 
zone is not well-suited for either warm- or cool-season grasses. Cool-season grasses are popular 
because they provide green coverage year-round, contrary to the straw-colored appearance of 
warm-season turfgrass during their dormancy period, which is typically from late fall through 
early spring. 
Regional drought is particularly important to monitor as drought greatly affects water 
availability and turf quality for turfgrass systems. The University of Nebraska provides the 
United States Drought Monitor site which updates drought conditions weekly for the U.S. and 
nearby affiliated territories (droughtmonitor.unl.edu). Under drought conditions, irrigation is 
often applied to a turfgrass system to alleviate drought stress symptoms and improve overall 
quality. 
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The volume of water required when irrigating lawns can be estimated by determining the 
water lost over a time period via reference evapotranspiration (ETo), which is computed from 
meteorological data using the FAO Penman-Monteith method (Allen et al., 1998). The FAO 
Penman-Monteith method requires solar radiation, air temperature, air humidity, wind speed, 
altitude, and latitude (Allen et al., 1998). Deficit irrigation has been used as a strategy to identify 
drought resistant turfgrasses by irrigating the plant to replace fractional ETo levels (Feldhake et 
al., 1984; Bushman et al., 2012). A study comparing two hybrid bluegrasses (Poa pratensis L. × 
Poa arachnifera Torr.), one KBG cultivar, and one tall fescue (Festuca arundinacea Schreb.) 
(TF) cultivar irrigated under 60 and 100% ETo replacement demonstrated that the deep-rooting 
characteristics of TF resulted in less drought stress when compared to KBG in the transition zone 
(Bremer et al., 2006). Greater drought tolerance will likely translate to water savings, but some 
grasses may vary in the actual volume of water they use. 
A crop coefficient (Kc) can be used along with ETo to fine-tune irrigation scheduling for a 
specific crop at a given location to estimate the crop evapotranspiration (ETc) (Allen et al., 
1998). The crop coefficient for each crop is determined by the amalgamation of crop height, 
albedo, canopy resistance, and evaporation from soil (Allen et al., 1998). A Kc of 0.8 is typically 
recommended for cool-season turf under well-watered conditions, whereas 0.7 is recommended 
for warm-season species (Devitt and Morris, 2008; Meyer et al., 1985). Wherley et al. (2015) 
attempted to obtain season-specific Kc values for the various warm-season turfgrasses ‘Tifway’ 
bermudagrass (Cynodon dactylon (L.) Pers. × Cynodon transvaalensis Burtt-Davy), ‘Empire’ 
zoysiagrass (Zoysia japonica Steud.), ‘Floratam’ St. Augustinegrass [Stenotaphrum secundatum 
(Walter) Kuntze], and ‘Argentine’ bahiagrass (Paspalum notatum Flugge) under well-watered 
conditions in Florida. The results indicated that water use among species was similar except for 
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‘Argentine’ bahiagrass, which had an elevated Kc of 0.88 compared to 0.82 for ‘Tifway’ 
bermudagrass in 2010. Crop coefficients fluctuated throughout the year, peaking at ~0.8 during 
the active growing months and declining to ~0.3 in late fall and winter (Wherley et al., 2015). 
Understanding the water use of turfgrasses under well-watered conditions may help identify 
cultivars that have lower water requirements in water-limiting situations and how they can be 
irrigated most efficiently. 
Chronic drought stress studies are also beneficial in identifying drought tolerant grasses. 
In these studies, irrigation is suspended until turfgrass quality levels reach a specified threshold, 
then a defined irrigation volume is applied. Sandor et al. (2019) observed that ‘Mallard’ KBG 
maintained acceptable green turf coverage in 2016 when irrigated to replace 60% of crop 
evapotranspiration (ETc), while ‘Snap’ KBG irrigated at 100% ETc did not consistently maintain 
acceptable coverage throughout the study. Wilt-based irrigation can also be utilized, which is 
withholding irrigation until the turfgrass exhibits visual drought stress symptoms at a specified 
threshold. A study by Lewis et al. (2012) evaluated the effects of wilt-based irrigation in KBG by 
applying irrigation at a 25 mm depth when a visual rating of a plot showed greater than 50% 
drought-stress symptoms. These results suggested that KBG cultivars in the Compact America 
and Mid-Atlantic phenotypic groups required the least amount of water and took the longest to 
reach 50% coverage under drought stress. Richardson et al. (2012) compared water use of TF 
and KBG cultivars that received 13 mm of irrigation when turf coverage dropped below 40%. 
That study demonstrated that the best-performing TF cultivar, RK4, required 43% less 
supplemental irrigation than the worst-performing TF cultivar, Rebel Exeda, to maintain similar 
levels of green turf coverage. For the KBG cultivars, Mallard used 55% less supplemental 
irrigation than Solar Green. Wilt-based irrigation can be a realistic approach to irrigation for 
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practitioners since visual drought stress symptoms are easy to identify. Also, this approach can 
have both financial and environmental implications. Only irrigating the turfgrass when the plant 
requires water has potential to save the end user money while also reducing global water use. 
Studies involving acute drought stress have also been effective in evaluating the water 
requirements of drought-tolerant turfgrass cultivars (Goldsby et al., 2015; Richardson et al., 
2009; Bushman et al., 2012). In these studies, the experimental area is well-watered prior to the 
initiation of the trail. Thereafter, irrigation is suspended and turfgrass quality or green coverage 
evaluations are repeatedly recorded until the dry-down period has ended, typically when the 
majority of the experimental area is extremely drought stressed. Richardson et al. (2008) 
reported that ‘Geronimo’ KBG fell to 50% green turfgrass coverage three weeks before 
‘Mallard’ KBG. In regions that receive periodic precipitation during the summer months, an 
improved variety such as Mallard may not require irrigation to maintain turfgrass quality at an 
acceptable level. 
The Turfgrass Water Conservation Alliance (TWCA; tgwca.org) utilizes acute drought 
studies to identify turfgrass cultivars with superior drought tolerance characteristics (Hignight et 
al., 2019). The TWCA was founded in 2010 and evaluates and promotes varieties with low 
irrigation requirements in the landscape (Karlin, 2018). The TWCA also provides certification 
for those varieties to be marketed, so the end users can identify the grasses with water 
conservation benefits when purchasing seed. 
While the TWCA eliminates confounding factors such as soil type when determining 
drought-tolerant grasses, soil texture has an effect on the irrigation recommendations for 
turfgrasses. Sandy soils are known to have a lower water-holding capacity compared to silt-
textured soils which has the greatest available water because its texture allows for the best 
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combination of pores and surfaces (Foth, 1990). The greater volume of pore space within silt 
loam soils compared to sandy soils allows for silt loam soils to have a greater water-holding 
capacity. Due to varying water-holding capacities among soil textures, crops grown in sandy 
soils will require more frequent irrigation than finer-textured soils. This can become problematic 
if end users are restricted in how frequently their lawn can be irrigated, as the lawns grown in 
sandy soils may not be able to sustain adequate quality if not irrigated frequently. 
A potential concern of practitioners is whether lawn quality will decrease if irrigation 
frequency decreases. Lee (2014) reported that turfgrass quality and color did not differ when TF 
varieties were irrigated every other day or irrigated weekly. Jordan et al. (2003) evaluated turf 
quality, shoot density, and root length density of five creeping bentgrass (Agrostis stolonifera L.) 
cultivars when irrigated at frequencies of 1, 2, or 4 days. When precipitation was reduced, the 4-
d irrigation frequency treatment resulted in the greatest turfgrass quality primarily due to greater 
shoot density and root length density compared to the more frequent irrigation treatments. The 
ability to limit the frequency at which grasses are irrigated can be beneficial to users in areas 
where periodic rains are likely or where irrigation restrictions are imposed, such as San Antonio, 
TX, where irrigation frequencies are based on the level of the Edwards Aquifer (SAWS, 2019). 
In areas that have predominately sandy soils, irrigation frequency restrictions may negatively 
affect turf quality. 
Improved irrigation practices, such as deficit irrigation, or the incorporation of rain 
sensors and smart controllers have provided reductions in water use, but irrigation requirements 
may vary by cultivar, soil texture, or irrigation frequency (Sandor, 2018; Davis et al., 2009). 
There is a need to fine-tune irrigation recommendations so that a turfgrass only receives the 
volume of irrigation turfgrass requires. The objective of this study was to utilize lysimeters to 
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determine the water use of KBG as affected by cultivar, irrigation frequency, and soil textural 
class. It was hypothesized that cultivar selection would greatly affect KBG quality, especially 
when irrigated at lower frequencies and ETo replacement volumes, as more drought-tolerant 
turfgrasses maintain greater quality under drought-stress conditions longer than drought-
susceptible KBG cultivars. To replace ETc, coarse-textured soils will likely require irrigation 
more frequently than fine-textured soils, but there is currently no evidence to suggest that a 
coarse-textured soil will require more overall water than a fine-textured soil to maintain 
acceptable turfgrass quality during periods of no rain. It was hypothesized that, to maintain 
acceptable turfgrass quality, soil texture would have no effect on turfgrass water use.  
 
MATERIALS AND METHODS 
Study area  
The study was conducted at the Milo J. Shult Agricultural Research and Extension Center 
in Fayetteville, AR (36.10° N, 94.17° W). Project construction began in June 2017, and 
treatments were initiated in August 2017. The study was conducted under a rainout shelter (9 × 
15 m, product code: K-205-30x48PS, Four Season Tools, Kansas City, MO) to ensure consistent 
drought conditions (Fig. 1). The open ends and walls of the rainout shelter allowed for natural air 
flow throughout the experimental area. The 0.15 mm thick plastic cover (Green-Tek Inc., 
Janesville, WI) attached to a metal shelter prevented rain from entering the site and allowed 
approximately 95% transmission of solar radiation to the experimental area. Nitrogen fertilizer, 
in the form of urea (46% N), was applied at rates of 50 kg N ha-1 in April, October, and 
November, and 25 kg N ha-1 in May and September. The 40 by 5.5 m experimental area was 
predominately TF, with the northern-most 1.8 m consisting of KBG (Fig. 2). Mowing occurred 
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twice weekly at 5 cm but was mowed only weekly once the experimental area experienced 
drought-stressed conditions. The fungicide azoxystrobin (Heritage TL, Syngenta U.S., 
Greensboro, NC) was applied monthly at a rate of 0.13 mL m-2 to prevent diseases that could 
negatively affect green coverage. The insecticide trichlorfon (Bayer Advanced 24-hour grub 
killer plus, SMB Life Science Corp., Cary, NC) was applied prior to data collection each year at 
a rate of 9.8 g m-2. The experimental area was well-watered in the period leading up to treatment 
initiation and data collection. 
 The lysimeters were constructed using the methods outlined in Wherley et al. (2009). 
These lysimeters were constructed using 254 mm diameter schedule (SCH) 40 polyvinyl chloride 
(PVC), and fitted into outer sleeves that were modified 19 L buckets to have an inside diameter 
of 279 to 283 mm. A modification was made to the Wherley et al. (2009) methods by using 203 
mm diameter SCH 40 PVC in this study instead of 254 mm diameter SCH 40 PVC. An outer 
sleeve was installed in the experimental area to allow for lysimeters to be easily removed from 
the ground without soil attaching to the lysimeters (Fig. 3). Construction of the outer sleeve in 
Wherley et al. (2009) involved the addition of plastic from another bucket to allow for the 254 
mm diameter SCH 40 PVC to fit. To allow for easier outer sleeve construction, a smaller 
diameter pipe was selected so that one bucket would serve as the outer sleeve for one lysimeter. 
The outer sleeve was constructed by removing the bottom of the bucket, then making a vertical 
slice in the bucket. The sliced sides were folded over each other and secured with 3 mm pop 
rivets. The bottom of the bucket was then the top of the outer sleeve with an inside diameter of 
230 mm, which allowed for a 10 mm gap between the outside of the lysimeter and the inside of 
the outer sleeve. 
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A 6 mm thick board of expanded PVC was cut into 203 mm diameter circles, which were 
installed 25 mm from the bottom of the lysimeters to create a 305 mm tall soil column. Four 17.5 
mm diameter holes were drilled in the expanded PVC board to facilitate drainage from the 
lysimeter when exposed to excessive rainfall during the winter months when the rainout shelter’s 
plastic cover was removed. A 12.7 mm-14 NPT (National Pipe Thread) tap was used to thread 
holes to accept 12.7 mm PVC plugs (Wherley et al., 2009). Four 12.7 mm plugs were installed 
prior to data collection each season. Steel round stock (6-mm diameter) was installed underneath 
the expanded PVC board to support the weight of the lysimeters. Geotextile landscaping fabric 
was placed on top of the expanded PVC board in each lysimeter to prevent material from passing 
through the drainage holes. A 25 mm layer of gravel was placed on top of the geotextile fabric to 
facilitate drainage. A layer of gravel was also used underneath the lysimeters in the field to bring 
the lysimeters to a point level with the surrounding soil surface. 
Soil texture treatments 
Two different soil textural classes were compared in the study. Half of the lysimeters 
were filled with native soil at the site (Captina silt loam, Typic Fragiudult) and the other half 
were filled with a locally available loamy sand (80:17:3 sand:silt:clay) that was created by 
mixing a USGA sand with a locally available native sandy-loam soil (USGA, 2018). An initial 
soil chemical analysis was conducted from composite samples using the procedures outlined in 
Mehlich (1984), which determined that the soil pH for the silt loam was 6.3 and the loamy sand 
was 7.2 (Table 1). All lysimeters were uniformly packed to a bulk density of 1.3 g cm-3 ± 0.1 g 
cm-3 in a 25 cm long column (Fig. 4). A 25 mm gap was left at the top of each lysimeter to allow 
for sod establishment. 
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Kentucky bluegrass cultivar treatments  
The KBG cultivars (Mallard and Geronimo) were planted in the lysimeters on 26 July 
2017 by first extracting each cultivar from a mature (established in 2014) turfgrass area on the 
site using a sod cutter. The soil from the sod was then washed off to prevent any soil textural 
discontinuity between the soil from the extraction site and the soil in the lysimeters. Sod was cut 
into circles to fit the 203 mm diameter of the lysimeters and then the sod was inserted in the 
lysimeters. A 102 mm ring of the same KBG cultivar was installed in the soil surrounding the 
lysimeter and outer sleeve that was affected by the auger drilling to prevent a lysimeter edge 
effect (Fig. 5). During establishment of the KBG in the lysimeters, 15-30-15 fertilizer (Miracle-
Gro, Scotts Miracle-Gro Company) was applied twice at the rate of 25 kg P2O5 ha-1, 14 days 
apart. During establishment, the experimental area was irrigated daily to replace 100% of the 
previous day’s ETo. 
Irrigation treatments 
Irrigation treatments were applied to 1.2 × 1.2 m whole-plots as a combination of 
frequency and replacement of percentage ETo. Daily ETo was estimated from the Penman-
Monteith equation using meteorological data from an on-site weather station (WS-2902, 
Ambient Weather, Chandler, AZ) (Allen et al., 1998). The irrigation frequency was either one or 
three times weekly at volumes of 40 or 80% ETo replacement. Irrigation treatments were applied 
by filling plastic bottles with the required volume of water for each treatment and then irrigating 
each lysimeter individually with a water-filled plastic bottle. Starting in 2019, a mini hand nozzle 
was attached to each water bottle to aid in uniform irrigation applications to lysimeter turf. 
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Evaluations  
Three separate experimental trials were conducted during 2018 and 2019, with data 
collected from Sep. – Oct. 2018 and June-July and Sep. – Oct. 2019. Green turfgrass coverage 
and turfgrass color [dark green color index (DGCI)] were quantified weekly using digital image 
analysis (Richardson et al., 2001; Karcher and Richardson, 2003). Green turfgrass coverage and 
color evaluations were somewhat redundant and, therefore, DGCI data will only be presented in 
a supplementary information section. The images collected by the digital camera (Canon 
PowerShot G12, Canon Inc., Melville, NY) were rectangular, but the lysimeters were round, so a 
purple frame was placed in the images (Fig. 6). The frame-analysis procedure in TurfAnalyzer 
(Karcher and Richardson, 2013; Karcher et al., 2017) evaluated only the turfgrass inside the 
lysimeter area (frame opening) for green turfgrass coverage. 
 The methods of weighing lysimeters to evaluate water use were modeled after Wherley et 
al. (2009). A similar S-type load cell (60050-500, Sensortronics, City of Industry, CA) was 
attached to a Foreverlast Tripod Game Hoist (Cabela’s Inc., Sidney, NE), but the digital indicator 
used in this study had data-logging capabilities using a USB flash drive (ZM301-AD1, Avery 
Weigh-Tronix, Fairmont, MN) (Fig. 7).  
The lysimeter weighing schedule followed that of the irrigation frequency treatments. 
Each lysimeter was weighed prior to that lysimeter receiving irrigation. Actual 
evapotranspiration (ETa) was then calculated for each lysimeter. For each lysimeter, the mass of 
the irrigation water applied was added to the mass of the lysimeter prior to irrigation. The mass 
of the lysimeter in the next weighing period was subtracted from the combined mass of the 
lysimeter and irrigation applied. The difference was divided by the days between treatments to 
estimate daily ETa. 
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Data Analysis 
The experiment was a four-factor (2 × 2 × 2 × 2) split-plot design with three replications 
of the whole-plot factor (irrigation volume × irrigation frequency). The whole-plot factors in this 
study were irrigation frequency (one or three times weekly) and irrigation volume (40 or 80% 
ETo replacement), and the split-plot factors were soil textural class (silt loam or loamy sand) and 
KBG cultivar (Geronimo or Mallard). Percent green turfgrass coverage, turfgrass color (DGCI), 
and ETa were subjected to a repeated measures analysis of variance (ANOVA) and a means 
separation technique in PROC GLIMMIX (SAS v. 9.4, SAS Institute Inc., Cary, NC). For all 
data, slicing was performed in PROC GLIMMIX to identify evaluation dates when treatment 
effects were significant. Treatment means for significant effects were separated using Fisher’s 
protected LSD (α = 0.05). 
RESULTS AND DISCUSSION 
Green turfgrass coverage 
In 2018, the highest order interactions of irrigation frequency × irrigation volume × day 
of year (DOY) (P < 0.0001), soil textural class × irrigation frequency × DOY (P = 0.03), and soil 
textural class × cultivar × DOY (P = 0.01) significantly affect green turfgrass coverage (Table 2). 
For the irrigation frequency × irrigation volume × DOY interaction, coverage differed for 
seven of the nine evaluation dates in 2018 (Fig. 8). Between 31 Aug. and 28 Sep. 2018, 
significant differences were observed in coverage among irrigation treatments of 80% and 40% 
ETo replacement volume, independent of irrigation frequency. These results were expected, as 
irrigating at 80% ETo replacement allows for greater available water for plant uptake relative to 
irrigation at 40% ETo replacement. For the last four evaluation dates between 7 Sep. and 28 Sep., 
differences in coverage occurred among irrigation frequency treatments at the 80% ETo irrigation 
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replacement level. For those four dates, irrigating 3x week-1 at 80% ETo replacement resulted in 
6, 7, 17, and 13% more green coverage compared to 1x week-1 at 80% ETo replacement, which 
was consistent with that of Jordan et al. (2003). More frequent irrigation likely resulted in greater 
plant available water in the rootzone, therefore providing a more consistent supply of water at 
depths closer to the soil surface compared to irrigating once weekly. 
In 2018, the interaction of soil textural class × irrigation frequency × DOY significantly 
affected green turfgrass coverage on six of the nine evaluation dates (Fig. 9). Turf irrigated 3x 
week-1 in silt loam-textured soil had the greatest coverage for all dates that had significant 
differences observed among treatments. For the last two evaluation dates, plots irrigated 1x 
week-1 with silt loam had the least coverage of all treatments. There was no significant difference 
in green turfgrass coverage between loamy sand soil when irrigated 1 and 3x week-1. Significant 
differences were observed among loamy sand and silt loam soils irrigated 1x week-1 on 14, 23, 
and 28 Sep. On those dates, loamy sand soils averaged 7% greater coverage than silt loam soils. 
These results could potentially be due to water being held within the smaller-sized pores of the 
silt loam soil, therefore not allowing the water to become available to the plant. 
The interaction of soil textural class × cultivar × DOY significantly affected green 
turfgrass coverage on seven of the nine evaluation dates in 2018 (Fig. 10). ‘Geronimo’ in loamy 
sand had 11% greater coverage than ‘Mallard’ on the first evaluation date (2 Aug.). In plots 
containing silt loam, ‘Mallard’ averaged 10% greater coverage than ‘Geronimo’ on 16, 23, and 
31 Aug. and 7 Sep. Differences in green coverage were observed between soil textures for 
‘Mallard’. On 23 Aug., ‘Mallard’ in silt loam had 7% greater coverage than in loamy sand. 
‘Mallard’ in loamy sand had greater coverage than in silt loam by 7% on both 23 and 28 Sep. 
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In early summer 2019, green turfgrass coverage was significantly affected by the soil 
textural class × cultivar × DOY (P = 0.004), soil textural class × irrigation frequency × DOY (P 
= 0.01), soil textural class × irrigation volume × DOY (P < 0.0001), and cultivar × irrigation 
frequency × irrigation volume × DOY (P = 0.006) interactions (Table 2). 
In early summer 2019, the interaction of soil textural class × cultivar × DOY significantly 
affected green coverage only on the last of the five evaluation dates (Fig. 11). On 3 July, 
‘Mallard’ grown in loamy sand had 9% less coverage than ‘Geronimo’ in silt loam (17.4%), 
which is of little practical significance as 9% green coverage would be difficult to differentiate 
visually and no significant differences were observed on the other four evaluation dates. 
 Of the five dates coverage was collected in 2019, differences in green coverage were 
observed on two evaluation dates due to the soil textural class × irrigation frequency × DOY 
interaction (Fig. 12). On 20 June, the loamy sand plots irrigated 3x week-1 averaged 59% 
coverage, which was significantly less than loamy sand irrigated 1x week-1 (67%) and silt loam 
irrigated 3x week-1 (68%). Again, while coverage was significantly different, it may be difficult 
for the end user to differentiate between less than 10% green coverage. The weekly irrigation 
events in loamy sand resulting in greater coverage than 3x week-1 is worth noting, as sandy soils 
would be expected to dry out much more rapidly than finer-textured soils and therefore require 
irrigation more frequently to achieve an acceptable level of turfgrass quality. On 3 July, 
irrigating 3x week-1 resulted in greater coverage than 1x week-1 among both soil textures (Fig. 
12). By 3 July, though, all plots were well below acceptable coverage thresholds. Therefore, 
these results indicate the importance of frequent irrigation during extreme drought stress 
conditions. 
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 In early summer 2019, the soil textural class × irrigation volume × DOY interaction 
significantly affected green coverage on the last two dates of June and the first date of July (Fig. 
13). As expected for both soil textures, for all evaluation dates where significant differences were 
observed among treatment combinations, irrigating to replace 80% ETo resulted in greater 
coverage than irrigating at 40% ETo by an average of 20% in silt loam and 24% in loamy sand 
(Fig. 13). Among the 80% ETo replacement volume treatments, plots containing silt loam had 
greater coverage than loamy sand by 10% on 3 July. Treatments with silt loam had greater 
coverage than loamy sand when irrigated at 40% ETo on two dates (20 and 27 June). Silt loam 
soils have a greater water holding capacity than loamy sand, therefore under water-limiting 
conditions more water will be available for plant uptake in finer-textured soils relative to sand. 
 Irrigating to replace 80% ETo allowed the grasses grown in both soil textures to achieve 
acceptable coverage through 27 June, while 20 June was the last date where the 40% ETo 
treatments had coverage above 50% (Fig. 13). In fact, from 20 to 27 June, grasses grown in both 
soil textures under 40% ETo replacement reduced in coverage by 30%, compared to an 11% 
decrease in the 80% ETo treatments. 
 In early summer 2019, the cultivar × irrigation frequency × irrigation volume × DOY 
interaction significantly affected green turfgrass coverage on three of the five evaluation dates in 
early summer 2019 (20 June - 3 July) (Fig. 14). For ‘Mallard’ irrigated at 80% ETo replacement, 
irrigation frequency affected coverage only on 3 July, with the more frequent irrigation treatment 
providing 16% greater coverage. However, for 40% ETo treatments, irrigating 3x week-1 had 14 
and 9% greater coverage than 1x week-1 on 27 June and 3 July, respectively.  
‘Geronimo’ irrigated to replace 80% ETo reacted similarly to both irrigation frequency 
treatments. Greater coverage was noted in the 3x week-1 treatments (39%) compared to weekly 
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irrigation (17%) only on 3 July. Irrigation frequency affected ‘Geronimo’ when replacing 40% 
ETo only on 20 June, as weekly irrigation had 8% greater coverage than irrigation 3x week-1. 
Interestingly, when irrigated to replace 80% ETo, and ‘Mallard’ and ‘Geronimo’ had 
coverage greater than 50%, there was no effect in coverage due to irrigation frequency (Fig. 14). 
This is promising as bluegrasses may be able to be irrigated weekly until reaching approximately 
50% green turfgrass coverage before needing to irrigate the system to field capacity to encourage 
recovery. Four weeks passed prior to all 80% ETo treatments dropping below 50% coverage. In 
Arkansas and most of the transition zone, periodic precipitation during periods of drought stress 
provides enough water to irrigate the system to field capacity, therefore potentially eliminating 
the need to provide irrigation applications to recharge the system. 
Contrary to Richardson et al. (2008) and the results from this study in 2018, there was no 
cultivar main effect (P = 0.64) or cultivar × DOY interaction (P = 0.53) on green turfgrass 
coverage in early summer 2019. To explain why the drought-tolerant ‘Mallard’ was exhibiting 
well below acceptable coverage, weather must be considered (Sandor et al., 2019). The average 
high temperature for June 2019 was above average for Fayetteville, therefore, the omission of a 
cultivar effect could be attributed to heat stress opposed to drought stress (Fig. 15). 
In late summer 2019, green turfgrass coverage was significantly affected by the 
interactions of irrigation frequency × DOY (P = 0.04), soil textural class × cultivar × DOY (P = 
0.02), soil textural class × irrigation volume × DOY (P < 0.0001), and cultivar × irrigation 
volume × DOY (P = 0.01) (Table 2). The irrigation frequency × DOY interaction will not be 
discussed further as there were no meaningful differences present. 
Green turfgrass coverage differed on six of the nine evaluation dates during the late 
summer 2019 period due to the soil textural class × cultivar × DOY interaction (8 Aug. – 11 
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Sep.) (Fig. 16). For five of those six dates, ‘Mallard’ grown in silt loam averaged 14% greater 
coverage than ‘Geronimo’ in silt loam. The differences in coverage among cultivars were present 
in loamy sand on three of the six dates (23 Aug. – 5 Sep.), with ‘Mallard’ averaging 16% greater 
coverage than ‘Geronimo’. For each cultivar, soil textural class had no effect on green coverage, 
indicating that soil texture has minimal effect on KBG drought tolerance/susceptibility under the 
irrigation levels tested. 
In late summer 2019, the soil textural class × irrigation volume × DOY interaction 
affected green turfgrass coverage on seven of the nine evaluation dates (23 Aug. – 30 Sep.) (Fig. 
17). The results during this period were consistent with those observed during the early summer 
2019 period (Fig. 13). When irrigating to replace 80% ETo, soil texture had no effect on green 
turfgrass coverage, demonstrating that the current Kc recommendation for cool-season 
turfgrasses provides consistent results across soil textures (Kneebone et al., 1992). However, 
treatments containing silt loam averaged 12% greater coverage than those containing loamy sand 
when irrigated to replace 40% ETo on three dates (23 Aug. – 5 Sep.). These differences occurred 
after the onset of drought-stress conditions, and the coverage for loamy sand treatments dropped 
below the acceptable coverage threshold (50%) on 23 Aug., two weeks before silt loam at 40% 
ETo replacement (5 Sep.) (Fig. 17). Thus, grasses grown in loamy sand-textured soil may require 
irrigation volumes greater than 40% ETo replacement in order to achieve similar coverage to 
those grown in silt loam at the same irrigation level. Silt loam soils irrigated to replace 80% ETo 
resulted in 23% greater coverage than silt loam irrigated to replace 40% ETo from 5 – 30 Sep. 
(Fig. 17). The 80% ETo replacement treatments grown in loamy sand averaged 25% greater 
coverage than those replacing 40% ETo for seven evaluation dates (23 Aug. – 30 Sep.) in the late 
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summer 2019 period. The data were expected as, generally, irrigating turf to replace greater 
volumes of ETo will lead to greater coverage. 
The cultivar × irrigation volume × DOY interaction affected green turfgrass coverage on 
all nine evaluation dates from 8 Aug. to 30 Sep. (Fig. 18). For both ‘Mallard’ and ‘Geronimo’, 
coverage was greater when irrigated to replace 80% ETo on six dates (28 Aug. – 30 Sep.) 
compared to each cultivar when irrigated to replace 40% ETo. For ‘Mallard’, coverage for the 
40% ETo treatments were first significantly less than ‘Mallard’ at 80% ETo on 5 Sep., while the 
same differences in coverage for ‘Geronimo’ were observed on 28 Aug. These results support 
previous work (Richardson et al., 2008) that the drought-tolerant cultivar, ‘Mallard’, should 
allow for greater time between irrigation events in comparison to ‘Geronimo’. 
‘Mallard’ irrigated to replace 40% ETo averaged 14% greater coverage than ‘Geronimo’ 
at 80% ETo replacement on the first two evaluation dates (8 and 15 Aug.) (Fig. 18). The reduced 
irrigation volume for ‘Mallard’ had an effect beginning 5 Sep., as coverage for ‘Geronimo’ at 
80% ETo replacement was 20% greater than ‘Mallard’ at 40% ETo throughout the remainder of 
the experimental period. The greater coverage of ‘Mallard’ under these irrigation levels could 
potentially be attributed to less rapid recovery of ‘Geronimo’ from the early summer 2019 period 
of this experiment, as ‘Geronimo’ at 80% ETo began at 68% green turfgrass coverage and 
‘Mallard’ at 40% ETo replacement began at 82% coverage. 
Comparing cultivar treatments when replacing 80% ETo, ‘Mallard’ averaged 14% greater 
coverage than ‘Geronimo’ on five of the nine evaluation dates (15 Aug. – 11 Sep.) (Fig. 18). 
Coverage for ‘Geronimo’ when irrigated to replace 80% ETo dropped below 50% green coverage 
on 5 Sep., one week before ‘Mallard’ fell below 50% coverage (11 Sep.). Comparing irrigation 
treatments to replace 40% ETo, ‘Mallard’ averaged 14% greater coverage than ‘Geronimo’ on 
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five of the nine evaluation dates (8 Aug. – 5 Sep.) (Fig. 18). For the 80% ETo replacement 
treatments, green coverage dropped below 50% for ‘Geronimo’ on 23 Aug., two weeks prior to 
‘Mallard’ (5 Sep.). These results support those reported in Richardson et al. (2008), as ‘Mallard’ 
took longer to reach 50% green coverage than ‘Geronimo’. Irrigating at deficit irrigation levels 
could provide extended coverage compared to the acute drought stress performed by Richardson 
et al. (2008). 
Actual evapotranspiration 
 In 2018, there was a main effect of soil textural class and significant interactions of 
irrigation volume × DOY (P < 0.0001), and irrigation frequency × DOY (P = 0.01) (Table 3). 
Turf in silt loam-textured soils used 24.0 mm water week-1, while turf in loamy sand-textured 
soils had ETa values of 23.0 mm water week-1. While these differences were statistically 
significant, the differences were not very practically significant because irrigation systems are 
currently not efficient enough to allow for precise applications of 1 mm of water weekly. 
 The interaction of irrigation volume × DOY significantly affected ETa on six of the eight 
total evaluation dates (Fig. 19). Actual ET was excessive on the first evaluation date, which was 
a result of increased evapotranspiration from the trial beginning with the experimental area at 
field capacity. Once drought-stress conditions were first observed (20 Aug. 2018), plots with 
80% ETo replacement volume treatments consumed 1.8 times more water than treatments 
replacing 40% ETo. These results were expected, as a greater irrigation volume results in more 
water available for plant uptake and evaporative losses.  
 In 2018, the interaction of irrigation frequency × DOY significantly affected ETa on the 
initial two of the eight total dates (6 and 13 Aug.) (Fig. 20). Thereafter, no differences were 
observed in water use among irrigation frequencies. When irrigating to replace 80% ETo, there 
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was excess water at the soil surface, which was susceptible to evaporation in the plots irrigated 
3x week-1, leading to elevated ETa values compared to plots irrigated 1x week-1. After the onset 
of drought-stress conditions (20 Aug.), it was assumed that no excess water was susceptible to 
evaporative losses, leading to similar water-use rates among irrigation frequencies. Therefore, 
the assumption can be made that equilibrium was reached more quickly in the soils irrigated 
weekly compared to 3x week-1. 
 In the early summer period of 2019, ETa was significantly affected by the interactions of 
soil textural class × irrigation frequency × DOY (P = 0.02) and irrigation volume × DOY (P < 
0.0001) (Table 3). Water usage only differed from the week that concluded on 24 June (Fig. 21), 
which was not expected and could likely be attributed to an anomaly. 
The interaction of irrigation volume × DOY significantly affected ETa on three of the 
four evaluation dates (Fig. 22). For the week-long periods ending on 10 and 24 June and 1 July, 
the 80% ETo treatments used 5, 14, and 15 mm more water than the 40% ETo treatments. On 
those dates, the greater plant available water from the 80% ETo treatments led to greater 
evpotranspirative losses in those treatments. These results were expected and were similar to the 
results observed in 2018. 
In late summer 2019, ETa was significantly affected by the irrigation volume × DOY (P < 
0.0001) and soil textural class × irrigation volume (P =0.003) interactions (Table 3). Differences 
among irrigation volumes were observed on four of the seven evaluation dates (26 Aug. and 9 – 
23 Sep.) (Fig. 23). On those dates, treatments replacing 80% ETo averaged weekly ETa volumes 
of 25 mm while the 40% ETo treatments resulted in 13 mm week-1 in water use. The increase in 
ETa for the 80% ETo treatments from 2 to 9 Sep. could be a result of increased 
evapotranspirative demand during the week ending 9 Sep. Similar results were seen for the 
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irrigation volume × DOY interaction during each experimental trial; therefore, there is evidence 
to indicate that greater irrigation volume replacement results in greater water consumption. 
Actual evapotranspiration was significantly affected by the soil textural class × irrigation 
volume interaction (Table 4). Loamy sand irrigated to replace 80% ETo averaged weekly ETa of 
27.1 mm, which was greater than silt loam soils replacing 80% ETo (24.9 mm). Replacing 40% 
ETo on silt loam soils used less water (19.4 mm week-1) than silt loam replacing 80% ETo but 
had greater weekly ETa than loamy sand irrigated to replace 40% ETo (17.5 mm week-1). 
This research may have limited application in the transition zone or other areas that 
receive periodic precipitation when the turf is under drought stress but can be very beneficial to 
areas that have irrigation restrictions that limit irrigation to weekly events. With no differences 
observed in water use between soil textures, turf can be irrigated three times weekly without 
using any more water than if all of the irrigation was applied during a single weekly application. 
This is especially important if the turf is grown on a sandy soil, as weekly irrigation can 
negatively affect turf quality. 
This research can also be used to aide in the fine-tuning of irrigation recommendations, 
as the evidence indicates turf in loamy sand soils and irrigated at extreme deficit irrigation levels 
results in unacceptable green turfgrass coverage in the three- to four-week range following the 
initiation of irrigation treatments, which is typically when irrigation would need to be applied. 
More investigations are needed to determine how different KBG cultivars and cultivars within 
other species respond to the treatments in the present study, and how the cultivars in the present 
study respond when exposed to different deficit irrigation levels other than 80 and 40% ETo 
replacement. As smart irrigation technology develops, the results from this study can allow for 
end-users to match the species and cultivar to the soil texture to be used in a lawn in conjunction 
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with ET data to provide precise irrigation applications that does not affect turfgrass quality, 
while ultimately reducing water waste. 
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TABLES AND FIGURES 
 
Tables 
Table 1. The soil pH and nutrient availability index for composite samples from the silt 
loam- and loamy sand-textured treatments in Fayetteville, AR. The nutrient concentrations 
were determined following the Mehlich III extraction method (Mehlich, 1984). 
Soil Texture Silt loam Loamy sand 
% sand 20 80 
% silt 65 17 
% clay 15 3 
Soil pH 6.3 7.2 
 Units 
Nutrient mg kg-1 mg kg-1 
Phosphorus 84 13 
Potassium 124 61 
Zinc 2.3 2.9 
Sulfate-S 15 28 
Calcium 734 1548 
Magnesium 86 109 
Iron 148 131 
Manganese 149 48 
Copper 4 0.6 
Boron 0.4 0.4 
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Table 2. Analysis of variance testing the main effects and their interactions on green 
turfgrass coverage during the late summer 2018 and early and late summer 2019 growing 
seasons. 
† NS, nonsignificant at the 0.05 probability level 
 
 
 
 
Source of Variation 
  
 
Late 2018 
  
 
Early 2019 
 
 
Late 2019 
   ––––––––––––––––– P > F ––––––––––––––– 
Soil Texture (Soil) NS† NS NS 
Cultivar (Cv) <0.0001 NS <0.0001 
Soil×Cv NS NS NS 
Irrigation Frequency (Freq) 0.04 NS NS 
Soil×Freq 0.02 NS NS 
Cv×Freq NS NS NS 
Soil×Cv×Freq NS NS NS 
Irrigation Volume (Vol) <0.0001 <0.0001 0.0002 
Soil×Vol NS NS NS 
Cv×Vol NS NS NS 
Soil×Cv×Vol NS NS NS 
Freq×Vol NS NS NS 
Soil×Freq×Vol NS NS NS 
Cv×Freq×Vol NS NS NS 
Soil×Cv×Freq×Vol NS NS NS 
Day of year (DOY) <0.0001 <0.0001 <0.0001 
Soil×DOY <0.0001 NS NS 
CV×DOY <0.0001 NS <0.0001 
Soil×Cv×DOY 0.01 0.004 0.02 
Freq×DOY <0.0001 <0.0001 0.04 
Soil×Freq×DOY 0.03 0.01 NS 
Cv×Freq×DOY NS NS NS 
Soil×Cv×Freq×DOY NS NS NS 
Vol×DOY <0.0001 <0.0001 <0.0001 
Soil×Vol×DOY NS <0.0001 <0.0001 
Cv×Vol×DOY NS NS 0.01 
Soil×Cv×Vol×DOY NS NS NS 
Freq×Vol×DOY <0.0001 0.004 NS 
Soil×Freq×Vol×DOY NS NS NS 
Cv×Freq×Vol×DOY NS 0.006 NS 
Soil×Cv×Freq×Vol×DOY NS NS NS 
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Table 3. Analysis of variance testing the main effects and their interactions on actual 
evapotranspiration during the late summer 2018 and early and late summer 2019 growing 
seasons. 
† NS, nonsignificant at the 0.05 probability level 
 
 
 
 
Source of Variation 
  
 
Late 2018 
  
 
Early 2019 
 
 
Late 2019 
   ––––––––––––––––– P > F ––––––––––––––– 
Soil Texture (Soil) 0.03 NS NS 
Cultivar (Cv) NS† NS NS 
Soil×Cv NS NS NS 
Irrigation Frequency (Freq) NS NS NS 
Soil×Freq NS NS NS 
Cv×Freq NS NS NS 
Soil×Cv×Freq NS NS NS 
Irrigation Volume (Vol) <0.0001 0.0002 <0.0001 
Soil×Vol NS NS 0.003 
Cv×Vol NS NS NS 
Soil×Cv×Vol NS NS NS 
Freq×Vol NS NS NS 
Soil×Freq×Vol NS NS NS 
Cv×Freq×Vol NS NS NS 
Soil×Cv×Freq×Vol NS NS NS 
Day of year (DOY) <0.0001 <0.0001 <0.0001 
Soil×DOY NS NS NS 
CV×DOY NS NS NS 
Soil×Cv×DOY NS NS NS 
Freq×DOY 0.001 NS NS 
Soil×Freq×DOY NS 0.02 NS 
Cv×Freq×DOY NS NS NS 
Soil×Cv×Freq×DOY NS NS NS 
Vol×DOY <0.0001 <0.0001 <0.0001 
Soil×Vol×DOY NS NS NS 
Cv×Vol×DOY NS NS NS 
Soil×Cv×Vol×DOY NS NS NS 
Freq×Vol×DOY NS NS NS 
Soil×Freq×Vol×DOY NS NS NS 
Cv×Freq×Vol×DOY NS NS NS 
Soil×Cv×Freq×Vol×DOY NS NS NS 
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Table 4. The effect of soil texture × irrigation volume on weekly actual evapotranspiration 
of two Kentucky bluegrass cultivars in the late summer 2019 growing season.  
 
Soil texture Irrigation volume 
Weekly actual 
evapotranspiration 
(mm)   
Loamy sand 80% ETo 27.1 a 
Silt loam 80% ETo 24.9 b 
Silt loam 40% ETo 19.4 c 
Loamy sand 40% ETo 17.5 d 
Actual evapotranspiration means with the same letter are not significantly different (P < 0.05). 
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Figures 
 
 
 
Figure 1. The rainout shelter utilized throughout the duration of the experiment. (photo by 
author) 
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Figure 2. Example replicate of treatment structure and experimental design. 
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Figure 3. The sleeves installed in the ground to allow for lysimeters to be easily removed from 
the ground. (photo by author) 
 
 
Figure 4. The lysimeter systems after packing, prior to installation of turfgrass. (photo by author) 
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Figure 5. The lysimeters in the ground with the Kentucky bluegrass installed within the 
lysimeters and in the surrounding area to prevent an edge effect from occurring. (photo by 
author) 
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Figure 6. The camera light box used to obtain images for digital image analysis. The purple 
frame allowed for only turfgrass within the lysimeters to be captured. (photo by author) 
 
 
Figure 7. The modified tripod game hoist lifting a lysimeter and measuring the mass of the 
lysimeter with a load cell. (photo by author) 
  
  
 
Figure 8. Effect of irrigation frequency × irrigation volume × day of year on green turfgrass coverage during the 2018 growing season. 
Error bar indicates least significant difference for comparing means, and asterisks denote dates with significant differences among 
treatments (P < 0.05).  
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Figure 9. Effect of soil textural class × irrigation frequency × day of year on green turfgrass coverage during the 2018 growing season. 
Error bar indicates least significant difference for comparing means, and asterisks denote dates with significant differences among 
treatments (P < 0.05).  
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Figure 10. Effect of soil textural class × Kentucky bluegrass cultivar × day of year on green turfgrass coverage during the 2018 
growing season. Error bar indicates least significant difference for comparing means, and asterisks denote dates with significant 
differences among treatments (P < 0.05). 
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Figure 11. Effect of soil textural class × Kentucky bluegrass cultivar × day of year on green turfgrass coverage during early summer 
2019. Error bar indicates least significant difference for comparing means, and asterisks denote dates with significant differences 
among treatments (P < 0.05).  
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Figure 12. Effect of soil textural class × irrigation frequency × day of year on green turfgrass coverage during early summer 2019. 
Error bar indicates least significant difference for comparing means, and asterisks denote dates with significant differences among 
treatments (P < 0.05). 
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Figure 13. Effect of soil textural class × irrigation volume × day of year on green turfgrass coverage during early summer 2019. Error 
bar indicates least significant difference for comparing means, and asterisks denote dates with significant differences among 
treatments (P < 0.05). 
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Figure 14. Effect of Kentucky bluegrass cultivar × irrigation frequency × irrigation volume × day of year on green turfgrass coverage 
during early summer 2019. Error bar indicates least significant difference for comparing means, and asterisks denote dates with 
significant differences among treatments (P < 0.05). 
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Figure 15. The average temperature (°C) and observed precipitation (mm) for Fayetteville, Arkansas during the 2019 growing season 
compared to 30-year historical normal from 1981-2010 for average temperature. 
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Figure 16. Effect of soil textural class × Kentucky bluegrass cultivar × day of year on green turfgrass coverage during late summer 
2019. Error bar indicates least significant difference for comparing means, and asterisks denote dates with significant differences 
among treatments (P < 0.05).  
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Figure 17. Effect of soil textural class × irrigation volume × day of year on green turfgrass coverage during late summer 2019. Error 
bar indicates least significant difference for comparing means, and asterisks denote dates with significant differences among 
treatments (P < 0.05).  
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Figure 18. Effect of Kentucky bluegrass cultivar × irrigation volume × day of year on green turfgrass coverage during late summer 
2019. Error bar indicates least significant difference for comparing means, and asterisks denote dates with significant differences 
among treatments (P < 0.05).  
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Figure 19. Effect of irrigation volume × day of year on actual evapotranspiration during the 2018 growing season. Error bar indicates 
least significant difference for comparing means, and asterisks denote dates with significant differences among treatments (P < 0.05). 
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Figure 20. Effect of irrigation frequency × day of year on actual evapotranspiration during the 2018 growing season. Error bar 
indicates least significant difference for comparing means, and asterisks denote dates with significant differences among treatments (P 
< 0.05).  
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Figure 21. Effect of soil textural class × irrigation frequency × day of year on actual evapotranspiration during early summer 2019. 
Error bar indicates least significant difference for comparing means, and asterisks denote dates with significant differences among 
treatments (P < 0.05). 
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Figure 22. Effect of irrigation volume × day of year on actual evapotranspiration during early summer 2019. Error bar indicates least 
significant difference for comparing means, and asterisks denote dates with significant differences among treatments (P < 0.05).  
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Figure 23. Effect of irrigation volume × day of year on actual evapotranspiration during late summer 2019. Error bar indicates least 
significant difference for comparing means, and asterisks denote dates with significant differences among treatments (P < 0.05).  
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SUPPLEMENTARY INFORMATION 
Results and discussion – turfgrass color 
 In 2018, turfgrass color was significantly affected by the interactions of soil textural class 
× cultivar × DOY (P = 0.02), soil textural class × irrigation frequency × DOY (P = 0.04), and 
irrigation frequency × irrigation volume × DOY (P = 0.003) (Table 1). Turfgrass color differed 
among treatment combinations for all eight evaluation dates (Fig. 1). For the first four evaluation 
dates, ‘Mallard’ grown in a silt loam-textured soil had the greatest dark green color index 
(DGCI) values, while ‘Geronimo’ in a loamy sand had the smallest DGCI values over the same 
period. Over the last seven of eight evaluation dates, ‘Mallard’ in loamy sand had greater 
turfgrass color than ‘Geronimo’ in loamy sand, averaging a DGCI value difference of 0.03. In 
silt loam soil, ‘Mallard’ had greater color than ‘Geronimo’ on five of the eight evaluation dates. 
Once prolonged drought conditions were present, no differences were observed in the last three 
evaluation dates (14 - 28 Sep.). 
 In 2018, turfgrass color was significantly affected by the soil textural class × cultivar × 
DOY interaction on four of the eight evaluation dates, with ‘Mallard’ in silt loam having greater 
color than ‘Mallard’ in loamy sand by 0.02 and 0.03 DGCI units, respectively, while ‘Mallard’ in 
loamy sand had greater color than in silt loam for two of the eight evaluation dates (23 and 28 
Sep.) by an average of 0.03 DGCI units. Significant differences were observed on two of the 
eight evaluation dates (23 and 31 Aug.) with greater color observed with ‘Geronimo’ grown in in 
silt loam compared to loamy sand by 0.02 DGCI units on both dates. 
 In 2018, turfgrass color differed on six of the eight evaluation dates due to the soil 
textural class × irrigation frequency × DOY interaction (Fig. 2). When irrigating 3x week-1, plots 
containing silt loam had greater color than those containing loamy sand by an average of 0.03 
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DGCI units on three dates that differences were observed among soil textures (23 Aug. - 7 Sep.). 
Irrigating 1x week-1 in a silt loam demonstrated greater color by 0.02 DGCI units on 23 Aug., 
while plots containing loamy sand had greater DGCI values by 0.03 on two dates (23 and 28 
Sep.). On 23 Aug. and 7 Sep., loamy sand irrigated 1x week-1 had greater color by 0.02 DGCI 
units than when irrigated 3x week-1.  
 In 2018, turfgrass color was significantly affected by the irrigation frequency × irrigation 
volume × DOY interaction on six of the eight evaluation dates (Fig. 3). Irrigating at 80% ETo 
replacement resulted in greater color than 40% ETo on the same five dates (31 Aug. - 28 Sep.), 
independent of irrigation frequency. Irrigation treatments 3x week-1 at 80% ETo replacement 
volumes resulted in greater DGCI values than 40% ETo replacement volumes by an average of 
0.09 units. When irrigation was applied weekly, 80% ETo replacement treatments had greater 
color by an average of 0.06 DGCI units than when irrigated at 40% ETo. These results were 
expected as lower irrigation volumes can result in less plant available water within the rootzone, 
leading to drought-stressed conditions within the plant and therefore less green color. When 
irrigating at 40% ETo replacement volumes, greater color was observed when irrigating 1x week-
1 on two evaluation dates (23 Aug. and 7 Sep. 2018). Irrigating 3x week-1 at 40% ETo exhibited 
greater color on one date (23 Sep. 2018). On two dates (23 and 28 Sep. 2018), irrigating 3x 
week-1 produced greater turfgrass color than when irrigating 1x week-1. 
 In the 2019 early summer period, which consisted of DGCI measurements weekly from 6 
June to 3 July, turfgrass color was significantly affected by the interactions of soil textural class 
× irrigation volume × DOY (P = 0.001) and cultivar × irrigation frequency × irrigation volume × 
DOY (P > 0.0001) (Table 1). 
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DGCI values differed on the last three of five evaluation dates due to the soil textural 
class × irrigation volume × DOY interaction in early summer 2019 (20 June - 3 July) (Fig. 4). On 
20 and 27 June, plots containing silt loam soil irrigated to replace 40% ETo had DGCI values 
greater than loamy sand replacing 40% ETo by 0.02 and 0.03 units, respectively. The same soil 
textural class effect was observed when irrigating to replace 80% ETo only on 3 July, when silt 
loam (0.34) had greater color than loamy sand (0.24). 
 In early summer 2019, turfgrass color was significantly affected by the cultivar × 
irrigation frequency × irrigation volume × DOY interaction on the last three of the five 
evaluation dates (20 June - 3 July) (Fig. 5). On 20 June, ‘Mallard’ irrigated at 40% ETo either 3x 
week-1 (0.40) or 1x week-1 (0.41) resulted in lower DGCI values than ‘Mallard’ irrigated at 80% 
ETo both weekly (0.45) and 3x week-1 (0.44). ‘Geronimo’ irrigated weekly and replacing 80% 
ETo (0.44) also had greater color than the 40% ETo ‘Mallard’ treatments. On 27 June and 3 July, 
the results are more definitive than those on 20 June. For both dates, independent of cultivar and 
irrigation frequency, the 80% ETo replacement treatments averaged greater color than the plots 
irrigated to replace 40% ETo by 0.11 and 0.09 DGCI units, respectively (Fig. 5). Also, on 27 
June and 3 July, ‘Mallard’ irrigated weekly at 40% ETo replacement had lower color values (0.27 
and 0.2, respectively) than all other treatments replacing 40% ETo. Irrigation frequency had an 
effect on turfgrass color on 3 July (Fig. 5). Independent of cultivar and irrigation volume 
replacement, plots irrigated 3x week-1 averaged DGCI values of 0.33 while those irrigated 
weekly had color values of 0.24. These results indicate that irrigation frequency affects turfgrass 
color after the onset of drought stress conditions. The turfgrass system may require an irrigation 
event that raises the soil moisture to field capacity prior to initiating weekly irrigation events 
again. 
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 In late summer 2019, turfgrass color was significantly affected by the interactions of 
irrigation frequency × DOY (P < 0.0001), soil textural class × cultivar × DOY (P = 0.004), soil 
textural class × irrigation volume × DOY (P < 0.0001), and cultivar × irrigation volume × DOY 
(P = 0.003) (Table 1). 
Turfgrass color was significantly affected by the irrigation frequency × DOY interaction 
on two of the nine evaluation dates in late summer 2019 (17 and 30 Sep.) (Fig. 6). On 17 Sep., 
irrigation treatments 3x week-1 resulted in greater DGCI values (0.31) compared to those 
irrigated 1x week-1 (0.29). However, when irrigating 1x week-1, greater color was observed (0.3) 
compared to 3x week-1 (0.29) on 30 Sep. Although there were two dates where significant 
differences were observed, seven dates had insignificant differences. These results indicate that 
the effect of irrigation volume over time had little practical significance. 
 The interaction of soil textural class × cultivar × DOY significantly affected turfgrass 
color on six of the nine evaluation dates in late summer 2019 (8 Aug. – 5 Sep.) (Fig. 7). The 
most dates with turfgrass color differences were observed when comparing ‘Mallard’ grown in 
silt loam to ‘Geronimo’ grown in loamy sand. On the five days where average DGCI values were 
significantly greater in the ‘Mallard’- silt loam treatment combinations (0.45), the ‘Geronimo’-
loamy sand values averaged 0.4 DGCI units. Among treatments containing silt loam, ‘Mallard’ 
had greater color than ‘Geronimo’ on four dates (8 - 28 Aug.) (Fig. 7). On those dates, ‘Mallard’ 
averaged DGCI values of 0.46 while ‘Geronimo’ averaged 0.43. Among loamy sand treatments, 
‘Mallard’ only had greater turfgrass color than ‘Geronimo’ on two dates (28 Aug. and 5 Sep.) 
with average DGCI value differences during that period of 0.4 (Fig. 7). ‘Mallard’ in silt loam 
resulted in greater color than ‘Mallard’ in loamy sand only on 23 Aug., with a difference in 
DGCI of 0.03 units. For the treatments containing ‘Geronimo’, soil texture effects were different 
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only on 5 Sep. A DGCI value of 0.37 was noted for treatments grown in silt loam while those 
grown in loamy sand had a DGCI value of 0.34. The effect of soil texture on turfgrass color was 
observed among each cultivar for only one date each, indicating that soil texture may have a very 
limited effect on the color of individual cultivars. 
 In late summer 2019, turfgrass color differed on seven of the nine evaluation dates due to 
the soil textural class × irrigation volume × DOY interaction (23 Aug. – 30 Sep.) (Fig. 8). On all 
of those dates in loamy sand-textured soils, the 80% ETo replacement treatments averaged 0.07 
more DGCI values than the 40% ETo treatments. When comparing silt loam-textured soils, 
differences in color were observed on five on the nine evaluation dates (5 – 30 Sep.). The 80% 
ETo treatments had average DGCI values of 0.36 compared to 0.28 for the 40% ETo replacement 
treatments. The ability for silt loam-textured soils to hold greater amounts of plant available 
water than loamy sand was present when comparing those textures at 40% ETo replacement 
volumes (Fig. 8). Differences in turfgrass color was noted on three evaluation dates (23 Aug. – 5 
Sep.), whereas the silt loam treatments averaged DGCI values of 0.4 compared to 0.36 for loamy 
sand. However, when comparing soil textures at 80% ETo replacement volumes, no differences 
in turfgrass color were observed. These results imply that, independent of cultivar, bluegrasses 
grown in varying soil textures will perform similarly when irrigated to a Kc of 0.8 (Kneebone et 
al., 1992). 
The interaction of cultivar × irrigation volume × DOY significantly affected turfgrass 
color on all nine evaluation dates during the late summer period in 2019 (Fig. 9). When irrigating 
at 80% ETo, cultivars differed in turfgrass color on two of the nine dates (15 and 23 Aug.). On 
those dates, treatments containing ‘Mallard’ averaged DGCI values of 0.45 whereas ‘Geronimo’ 
averaged values of 0.42. Conversely, ‘Mallard’ had greater turfgrass color than ‘Geronimo’ by 
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0.04 DGCI units on four dates (8 – 28 Aug.) when irrigated to replace 40% ETo. These results 
provide evidence to support previous research that observed the drought tolerance of ‘Mallard’ 
and ‘Geronimo’ (Richardson et al., 2008). Drought tolerance in Richardson et al. (2008) was 
determined via acute drought stress, while drought tolerance was assessed via chronic drought in 
this study. When comparing ‘Mallard’, those irrigated at 80% ETo had greater color (0.36) than 
40% replacement (0.27) on the last five evaluation dates (5 – 30 Sep.) (Fig. 9). On the same five 
dates, ‘Geronimo’ irrigated to replace 80% ETo averaged 0.35 DGCI units whereas 0.28 units 
were observed at 40% ETo replacement. These results imply that irrigating to replace greater 
volumes of water lead to greater quality turf. Irrigating ‘Mallard’ to replace 40% ETo had greater 
turfgrass color than ‘Geronimo’ replacing 80% ETo on two of the nine dates (8 and 15 Aug.) 
(Fig. 9). On those dates, the ‘Mallard’ treatments at 40% ETo averaged DGCI units of 0.48 while 
0.44 was observed for ‘Geronimo’ at 80% ETo. These results could be due to unequal turf color 
at the beginning of the experiment. Nonetheless, ‘Geronimo’ at 80% ETo replacement had 
greater color (0.35) than ‘Mallard’ at 40% ETo (0.27) on the last five evaluation dates (5 – 30 
Sep.), indicating that a drought tolerant KBG cultivar under extreme deficit irrigation cannot 
maintain similar turfgrass color to a drought susceptible cultivar when irrigated to replace 80% 
ETo. 
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Tables 
 
Table 1. Analysis of variance testing the main effects and their interactions on turfgrass 
color during the late summer 2018 and early and late summer 2019 growing seasons. 
† NS, nonsignificant at the 0.05 probability level 
 
 
 
 
Source of Variation 
  
 
Late 2018 
  
 
Early 2019 
 
 
Late 2019 
   ––––––––––––––––– P > F ––––––––––––––– 
Soil Texture (Soil) 0.03 NS 0.03 
Cultivar (Cv) <0.0001 NS 0.005 
Soil×Cv NS† NS NS 
Irrigation Frequency (Freq) NS NS NS 
Soil×Freq 0.02 NS NS 
Cv×Freq NS NS NS 
Soil×Cv×Freq NS NS NS 
Irrigation Volume (Vol) <0.0001 0.0002 0.0001 
Soil×Vol NS NS NS 
Cv×Vol NS NS NS 
Soil×Cv×Vol NS NS NS 
Freq×Vol NS NS NS 
Soil×Freq×Vol NS NS NS 
Cv×Freq×Vol NS NS NS 
Soil×Cv×Freq×Vol NS NS NS 
Day of year (DOY) <0.0001 <0.0001 <0.0001 
Soil×DOY <0.0001 NS 0.003 
CV×DOY <0.0001 0.0007 <0.0001 
Soil×Cv×DOY 0.02 NS 0.004 
Freq×DOY <0.0001 <0.0001 <0.0001 
Soil×Freq×DOY 0.04 NS NS 
Cv×Freq×DOY NS NS NS 
Soil×Cv×Freq×DOY NS NS NS 
Vol×DOY <0.0001 <0.0001 <0.0001 
Soil×Vol×DOY NS 0.001 <0.0001 
Cv×Vol×DOY NS NS 0.003 
Soil×Cv×Vol×DOY NS NS NS 
Freq×Vol×DOY 0.003 0.03 NS 
Soil×Freq×Vol×DOY NS NS NS 
Cv×Freq×Vol×DOY NS 0.0001 NS 
Soil×Cv×Freq×Vol×DOY NS NS NS 
   
Figures 
 
 
Figure 1. Effect of soil textural class × Kentucky bluegrass cultivar × day of year on dark green color index during the 2018 growing 
season. Error bar indicates least significant difference for comparing means, and asterisks denote dates with significant differences 
among treatments (P < 0.05).  
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Figure 2. Effect of soil textural class × irrigation frequency × day of year on dark green color index during the 2018 growing season. 
Error bar indicates least significant difference for comparing means, and asterisks denote dates with significant differences among 
treatments (P < 0.05). 
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Figure 3. Effect of irrigation frequency × irrigation volume × day of year on dark green color index during the 2018 growing season. 
Error bar indicates least significant difference for comparing means, and asterisks denote dates with significant differences among 
treatments (P < 0.05). 
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Figure 4. Effect of soil textural class × irrigation volume × day of year on dark green color index during early summer 2019. Error bar 
indicates least significant difference for comparing means, and asterisks denote dates with significant differences among treatments (P 
< 0.05). 
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Figure 5. Effect of Kentucky bluegrass cultivar × irrigation frequency × irrigation volume × day of year on dark green color index 
during early summer 2019. Error bar indicates least significant difference for comparing means, and asterisks denote dates with 
significant differences among treatments (P < 0.05). 
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Figure 6. Effect of irrigation volume × day of year on dark green color index during late summer 2019. Error bar indicates least 
significant difference for comparing means, and asterisks denote dates with significant differences among treatments (P < 0.05). 
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Figure 7. Effect of soil textural class × Kentucky bluegrass cultivar × day of year on dark green color index during late summer 2019. 
Error bar indicates least significant difference for comparing means, and asterisks denote dates with significant differences among 
treatments (P < 0.05).  
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Figure 8. Effect of soil textural class × irrigation volume × day of year on dark green color index during late summer 2019. Error bar 
indicates least significant difference for comparing means, and asterisks denote dates with significant differences among treatments (P 
< 0.05).  
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Figure 9. Effect of Kentucky bluegrass cultivar × irrigation volume × day of year on dark green color index during late summer 2019. 
Error bar indicates least significant difference for comparing means, and asterisks denote dates with significant differences among 
treatments (P < 0.05). 
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Chapter IV: 
 
Determining the Irrigation Requirements of Bermudagrass Cultivars During 
Establishment from Seed 
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ABSTRACT 
 
 Water is an important component for turfgrass growth and development. Water is 
especially vital during the establishment phase, as immature grasses lack developed root systems 
and therefore require consistent soil surface moisture several days following germination. Little 
research has been conducted investigating the water requirements of turfgrasses during seed 
establishment, and it is not yet known whether grasses exhibiting drought-tolerant characteristics 
at maturity also require less water during establishment from seed. The objective of this study 
was to determine the reference evapotranspiration (ETo) percent replacement required to 
maximize bermudagrass establishment from seed and whether certified drought tolerant cultivars 
require less water to establish from seed. Two bermudagrass (Cynodon dactylon [L.] Pers.) 
cultivars (Princess 77 and Sahara II) were irrigated to replace either 125, 100, 75, or 50% of the 
previous day’s ETo for 28 days. Establishment was evaluated by collecting green turfgrass 
coverage estimates every other day beginning eight days after seeding. Results indicated that 
there were no significant cultivar differences in establishment, indicating that the drought 
tolerance of mature cultivars do not translate to the establishment phase. In 2017, treatments 
irrigated to replace ≥ 75% ETo resulted in similar days to reach 80% green coverage (~16 days 
after seeding). However, only the treatments replacing ≥ 100% of the previous day’s ETo caused 
similar establishment in 2019. Both irrigation volumes ≥ 100% had 80% green coverage after 
~19.5 days after seeding. Irrigating to replace 50% ETo contributed to delayed establishment by 
2 and 8 days in 2017 and 2019, respectively. Based on this study, it is recommended to replace 
100% of the previous day’s ETo when establishing bermudagrass from seed, and even replacing 
125% ETo would likely provide water savings compared to the current ambiguous 
recommendations.  
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INTRODUCTION 
 Turfgrass accounts for 16.4 million ha, or roughly 1.9% of the surface area of the United 
States (Milesi et al., 2005). Water is a vital component of turfgrass growth and development, as it 
is required in photosynthetic processes and nutrient export (Beard, 1973). The largest proportion 
of water lost through the plant (> 90%) is lost through transpiration, with only 1 to 3% of the 
absorbed water used in metabolic processes (Beard, 1973; Hopkins, 1999). Water is important 
when establishing turfgrass from seed, as the first step in seed germination is water imbibition, 
followed by enzyme activation, mitosis, and cell elongation (Beard, 1973). Germination is an 
irreversible event, therefore moisture retention in the soil is critical as grasses lack developed 
root systems during establishment. 
 Currently, information available with respect to the volume of water required to establish 
turfgrass from seed is limited. A resource for end users to utilize for determining irrigation 
recommendations during establishment are university extension fact sheets. A common theme 
among extension fact sheets outlining turfgrass establishment from seed is that the 
recommendations are ambiguous. Many authors simply recommend frequent (or daily) irrigation 
(Munshaw, 2016; Samples and Sorochan, 2007; Patton et al., 2008). Other authors recommend 
frequent irrigation to maintain soil moisture at depths of 1 inch (Patton and Boyd, 2007) and 1 to 
2 inches (Martin and Hillock, 2002). While these guidelines may seem practical to trained 
scientists and turfgrass managers, the exact volume of water required to establish turf from seed 
is unknown. Homeowners are forced to interpret these recommendations, which can lead to 
excess water usage via overirrigation (Bremer et al., 2012). In order to provide homeowners with 
more precise irrigation recommendations, the volume of water required to establish turfgrass 
from seed must be quantified. The knowledge of precise irrigation recommendations can 
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potentially be built into smart irrigation controllers to assist in more efficient irrigation during 
establishment. 
A research area regarding turfgrass water requirements that has not been explored in 
great detail is during establishment from seed. Some studies have been conducted in the 
southwestern United States evaluating turfgrass establishment from seed for various species 
when irrigated at replacement volumes 100% of ETo or greater (Schiavon et al., 2012, 2013, 
2015). The results from these studies implied that germination rates were greater when irrigated 
using overhead irrigation instead of subsurface irrigation and that water quality (potable vs. 
saline) did not affect establishment. However, Serena et al. (2012) found that grasses established 
using saline water reached 95% green coverage 26 days earlier on average compared to using 
potable water during the spring. Peacock (2001) found that tall fescue (Festuca arundinacea 
Schreb.) could be established by sod during the summer by replacing 80% of potential 
evapotranspiration while 200% of the potential evapotranspiration was required during the 
spring. Most of these experiments were performed in arid climates and sandy soils, whereas a 
more humid climate and finer-textured soils may result in less evaporative loss. It is unknown if 
turfgrasses can be established when replacing ETo at volumes < 100%, further allowing for less 
water to be used in the landscape. 
The use of drought tolerant turfgrass cultivars in the landscape assist in water 
conservation efforts. The Turfgrass Water Conservation Alliance (TWCA; tgwca.org) was 
founded in 2010 with the goal to evaluate and promote the least water-requiring turfgrasses that 
maintain green coverage during acute drought stress and excel under the TWCA’s stringent 
evaluation protocol (Hignight et al., 2019). There has been extensive research performed to 
identify drought tolerant turfgrasses by exposing cultivars to acute drought stress, similar to the 
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methods imposed in TWCA evaluations (Goldsby et al., 2015; Richardson et al., 2008, 2009; 
Bushman et al., 2012; Sandor et al., 2019). It is unknown if the drought tolerance of a mature 
turfgrass variety translates to lower water requirements during the establishment phase of turf 
from seed. Cultivars with known drought tolerance characteristics at maturity, such as those 
qualified by the TWCA, can provide significant water savings if the cultivars use less water 
during establishment compared to non-TWCA qualified cultivars. Sandor (2018) observed the 
water requirements during establishment from seed during two seasons for tall fescue and one 
season for bermudagrass (Cynodon dactylon [L.] Pers.). The results from that study indicated 
that irrigating to replace 75% ETo was effective in maximizing tall fescue germination. The 
objective of this study was to determine the ETo percentage replacement that maximizes 
bermudagrass establishment from seed and whether TWCA qualified cultivars require less water 
to establish from seed. Based on previous work by Sandor (2018), it was hypothesized that ETo 
percentage replacement will affect establishment and bermudagrass cultivar will not affect 
establishment. 
 
MATERIALS AND METHODS 
Experimental area 
 This experiment was conducted as a second replication of the study reported in the 
appendix in Sandor (2018), which was conducted for 19 days beginning 19 July 2017. The 
methodology of this experiment followed that of Sandor (2018), with differences noted 
throughout the methodology presented here. The study was conducted at the Milo J. Shult 
Agricultural Research and Extension Center in Fayetteville, AR (36.10° N, 94.17° W) on a 
Captina silt loam (Fine-silty, siliceous, active, mesic Typic Fragiudults) with a pH of 6.3, which 
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was determined from a composite sample of the experimental area (Table 1). Treatment initiation 
began at planting on 6 August 2019 and continued for 28 days. The study was conducted under a 
rainout shelter (9 × 15 m, product code: K-205-30x48PS, Four Season Tools, Kansas City, MO) 
to ensure consistent drought conditions (Fig. 1). The open ends and walls of the rainout shelter 
allowed for natural air flow throughout the experimental area. The 0.15 mm thick plastic cover 
(Green-Tek Inc., Janesville, WI) attached to a metal shelter prevented rain from entering the site 
and allowed approximately 95% transmission of solar radiation to the experimental area. Five 
days before planting, all plots were irrigated to allow for the experimental area to be tilled and 
leveled using a landscape rake to minimize irrigation runoff. All plant residue was removed so 
only bare soil remained in the experimental area. The plots were irrigated to field capacity after 
tilling and leveling to allow for uniform moisture conditions throughout the experimental area. 
Cultivar treatments 
The bermudagrass cultivars assessed in the study were ‘Princess 77’ and ‘Sahara II’. 
‘Princess 77’ is qualified by the TWCA since the cultivar has met a stringent set of criteria and 
has proven water conservation benefits (tgwca.org) (Karlin, 2018). ‘Sahara II’ was included in 
this trial as a standard bermudagrass check, but its drought tolerance is unknown. In 2017, the 
grasses were seeded in each whole-plot by hand at a rate of 11.3 g pure live seed m-2, which is a 
standard recommendation for seeding coated bermudagrass (Patton et al., 2008). However, in 
2019 the grasses were seeded at a rate of 4.9 g pure live seed m-2, which Patton et al. (2008) 
recommended for seeding unhulled bermudagrass. Each cultivar was seeded into two adjacent 
0.6 × 0.6 m split-plots, which comprised a whole-plot for irrigation treatments. Each whole-plot 
was then fertilized (6-4-0 Milorganite, Milorganite, Milwaukee, WI) at the rate of 4.9 g P2O5 m-2. 
Seed and fertilizer were lightly raked into the soil within each split-plot to avoid seed 
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contamination. Irrigation treatments were then initiated, as described below, and the 
experimental area was covered with a 14.2 g germination blanket (item# PR1742, A.M. Leonard 
Inc., Piqua, OH) (Sandor, 2018). The germination blankets were removed at 7 days after seeding. 
Irrigation treatments 
 Irrigation treatments followed the same protocol as outlined in Sandor (2018). Each 
whole-plot represented a single irrigation treatment, which consisted of replacing either 50, 75, 
100, or 125% of ETo from the previous day. Daily ETo was estimated from the Penman-Monteith 
equation using meteorological data from an on-site weather station (WS-2902, Ambient 
Weather, Chandler, AZ) (Allen et al., 1998). Irrigation runtimes were calibrated by determining 
the time required to fill a 3.8 L pitcher. Irrigation was applied using a pressure regulated (275.8 
kPa) hose with a 7.6 L min-1 misting nozzle (Fogg-It Waterfog, Fogg-It Nozzle Co., Belmont, 
CA) to prevent seed and/or fertilizer from moving outside each plot. A spray shield was used to 
prevent irrigation drift and runoff into adjacent whole-plots. 
 All whole-plots received two, 6.4-mm irrigation events on the day of seeding, totaling 
12.8 mm (Sandor, 2018). The irrigation on the day of seeding was applied six hours apart to 
reduce runoff and ensure consistent moisture conditions. The first of two irrigation events were 
applied prior to covering all whole-plots with germination blanket. Irrigation was applied in two 
separate applications (each application replaced half of previous day’s ETo) during the first seven 
days of the trial, and then once daily afterwards (replacing previous day’s entire ETo) until the 
study concluded. 
Evaluations 
 Green turfgrass coverage within each plot was determined using digital image analysis 
(DIA) (Richardson et al., 2001). Images were collected using a Canon Powershot G1X camera 
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(Canon USA Inc., Melville, NY), which was a 14.3 megapixel camera, set to ISO 200, with a 
shutter speed of 1/40s, aperture of f/4.0, and focal length of 21 mm. White balance was manually 
set according to manufacturer instructions (Canon USA Inc., 2012) under illuminated conditions 
within a portable enclosed light box (NexGen Turf Research LLC, Albany, OR). All DIA images 
were captured from a height of 55 cm and the turfgrass area of each image measured 37 by 50 
cm. All images were 1200 × 1600 pixel JPEG files. The light box used four TCP 9W compact 
florescent light bulbs (TCP Inc., Item# 4890965, Aurora, OH). Images were then analyzed in 
TurfAnalyzer (Karcher et al., 2017). Threshold settings for the analysis macro had hue range of 
87-170 and saturation range of 10-100. 
Green turfgrass coverage was assessed every two days beginning eight days after seeding 
to objectively evaluate the irrigation treatment and cultivar effects on turfgrass establishment 
(Karcher and Richardson, 2013). Weeds were removed prior to photographing each plot to 
ensure the desired turfgrass was the only green plant material observed when analyzing the 
images with TurfAnalyzer (Karcher et al., 2017). 
Data analysis 
 The study was a two-factor (4 × 2) split-plot design with four replications of the whole-
plot factor (irrigation treatment) (Fig. 2). In 2019, only two replications were exposed to 
nonlinear regression analysis due to inadequate germination in two of the replications (Fig. 3). 
The poor establishment was potentially due to residual pre-emergent herbicide from an 
application made to an adjacent experimental area in March 2019. The following nonlinear 
regression methodology and sigmoid variable slope model were reported in Karcher et al. 
(2008). Scatter plots of the percent green turf coverage data versus days after seeding indicated a 
strong nonlinear relationship. Furthermore, the data fit well to a sigmoid variable slope model:  
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green turfgrass coverage (%) = 100 / [ 1+10(Days50 — DAS) × slope]  
where DAS was days after seeding and Days50 and slope were estimated model parameters. 
Days50 was estimated to be the DAS when green turf coverage equals 50%. The slope parameter 
defined how rapidly turf coverage increased over time with larger values representing steeper 
positive slopes of the sigmoid curve. 
 A sum of squares F-test was used to determine if treatments significantly affected green 
turf coverage during establishment (Motulsky and Christopoulos, 2003). The F-test compared 
the sum of squares from a global model (all treatments share Days50 and slope values) against the 
cumulative sum of squares from models where Days50 and slope values were determined 
separately for each variety. If the sum of squares were reduced significantly (P < 0.05) using 
separate parameter values, treatment effects were determined to be significant. Parameter 
estimates were used to calculate confidence intervals (95%) for the number of DAS until each 
plot reached 80% green turfgrass coverage (Motulsky and Christopoulos, 2003). Each treatment 
was considered significantly different if their confidence intervals did not overlap. Nonlinear 
regression of the turf coverage data was performed using GraphPad Prism version 8.0 (GraphPad 
Software Inc., La Jolla, CA). 
 
RESULTS AND DISCUSSION 
In 2017, significant differences in the DAS to reach 80% green turfgrass coverage 
(Days80) were observed among irrigation replacement volumes (Fig. 4). The sigmoid models 
used to predict green turfgrass coverage provided a reasonable fit for the green turfgrass 
coverage for the 50% ETo irrigation treatments (R2 = 0.68), and a good fit for the 75, 100, and 
125% ETo replacement levels with average R2 values of 0.84, 0.75, and 0.85, respectively. 
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Irrigation to replace 50% ETo resulted in similar Days80 (17.7) compared to 75 and 100% ETo 
replacement (15.8 and 16.4, respectively). However, irrigation at volumes to replace 125% ETo 
reached 80% coverage after 15.7 DAS, which was significantly less than the 17.7 DAS when 
replacing 50% ETo. The treatments replacing 75, 100, and 125% ETo all had similar Days80 
values, indicating that bermudagrass may only require daily irrigation replacing 75% of the 
previous day’s ETo in order to achieve the same establishment compared to when irrigated to 
replace 125% ETo. 
In 2017, the sigmoid models used to predict green turfgrass coverage provided a good fit 
for green turfgrass coverage for ‘Princess 77’ and ‘Sahara II’ with R2 values of 0.74 and 0.73, 
respectively (Fig. 5). There were no differences in Days80 between cultivars, as ‘Princess 77’ 
reached 80% green coverage after 16.9 DAS, whereas it took 16 DAS for ‘Sahara II’ to reach 
80% coverage. 
In 2019, significant differences in the Days80 were observed among irrigation 
replacement volumes (Fig. 6). The sigmoid models used to predict green turfgrass coverage 
provided a reasonable fit for the green turfgrass coverage data for the 50% ETo irrigation 
treatments (R2 = 0.63), and a very good fit for the 75, 100, and 125% ETo replacement levels 
with average R2 values of 0.89, 0.95, and 0.96, respectively. Bermudagrass irrigated at daily 
volumes of ≥ 75% ETo resulted in significantly more rapid establishment than when irrigated at 
50% ETo (Fig. 6). The average number of DAS for bermudagrass to reach 80% green turfgrass 
coverage for the 50 and 75% ETo replacement levels were 30 and 22, respectively, while 80% 
green coverage was observed at 19 DAS for the 125% ETo level and 20 DAS when irrigated at 
100% ETo. Statistically, the DAS to reach 80% green coverage was similar when irrigated at 75 
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and 100% ETo, but bermudagrass irrigated at 75% ETo took significantly longer to reach 80% 
green turfgrass coverage than 125% ETo. 
These results are somewhat different to those observed in 2017, as the Days80 was similar 
for all irrigation treatments replacing ≥ 75% ETo. This discrepancy may be due to only two 
available replicates in 2019. Although bermudagrass irrigated at 50% ETo was delayed in 
establishment compared to the other irrigation treatment levels, the lateral growing nature of 
bermudagrass will allow the plant to reach 100% green coverage in time. Establishing 
bermudagrass in areas under extreme water shortage may be possible by irrigating to replace 
50% ETo if a delayed establishment is acceptable. 
In 2019, the sigmoid model used to predict green turfgrass coverage provided a good fit 
for green turfgrass coverage for ‘Princess 77’ and ‘Sahara II’ with an R2 value of 0.77 (Fig. 7). 
Similar to 2017, there were no differences in Days80 between cultivars, as both cultivars reached 
80% green coverage ~23 DAS. Contrarily, when performing nonlinear regression analysis on all 
treatment combinations (cultivar × ETo replacement level), differences in Days80 between 
cultivars were present only when irrigating to replace 75% ETo (Fig. 8). 
More objective irrigation recommendations can be provided, contrary to the somewhat 
vague recommendations previously reported (Munshaw, 2016; Samples and Sorochan, 2007; 
Patton et al., 2008; Patton and Boyd, 2007; Martin and Hillock, 2002). Results suggest that 
irrigating at 100% ETo replacement is the optimal recommendation, as there were no differences 
in the DAS to reach 80% green turfgrass coverage when irrigating to replace 100 or 125% of the 
previous day’s ETo. To achieve 80% green coverage, irrigating to replace 100% ETo required an 
average of 7.2 cm of irrigation, which is likely to be significantly less than volume of irrigation 
water applied to establish grasses from seed under the current vague recommendations. 
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Bermudagrass has a delayed established when replacing 50% ETo in a humid climate, but more 
research is needed to confirm whether 50% ETo replacement is acceptable in more arid climates. 
These results are without application for practitioners unless ETo data is available, and 
these individuals are able to interpret and apply ETo data during irrigation. Therefore, further 
advancements in smart irrigation controller technology are needed to utilize objective irrigation 
recommendations to achieve optimal turfgrass seedling establishment without wasting water. 
Furthermore, the optimal irrigation requirement for establishing other warm- and cool-season 
species from seed or vegetative methods (if applicable) should be investigated in order to provide 
a library of irrigation recommendations for use in smart controllers. 
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TABLES AND FIGURES 
 
Tables 
 
Table 1. The soil pH and nutrient availability index for a composite sample from the 
experimental area in Fayetteville, AR. The nutrient concentrations were determined 
following the Mehlich III extraction method (Mehlich, 1984). 
Soil pH 6.3 
 
Nutrient mg kg-1 
Phosphorus 87 
Potassium 124 
Zinc 3.8 
Sulfate-S 16 
Calcium 866 
Magnesium 82 
Iron 131 
Manganese 177 
Copper 4.6 
Boron 0.4 
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Figures 
 
 
 
Figure 1. The rainout shelter utilized throughout the duration of the experiment. (photo by 
author) 
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Figure 2. Example of treatment structure and experimental design. Combinations of cultivar 
split-plots denote whole-plots. Values above each whole-plot represent the percentage of the 
previous day’s reference evapotranspiration replacement. 
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Figure 3. The experimental area utilized throughout the duration of the experiment. The whole-
plots on the right are the two replications that failed to have adequate germination, resulting in 
the whole-plots on the left used for analysis. (photo by author) 
   
 
 
Figure 4. Nonlinear regression analysis of green turfgrass coverage response during bermudagrass establishment to reference 
evapotranspiration (ETo) levels of 50, 75, 100, and 125% during 2017.  
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Figure 5. Nonlinear regression analysis of green turfgrass coverage response during bermudagrass establishment for ‘Princess 77’ and 
‘Sahara II’ bermudagrass during 2017.  
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Figure 6. Nonlinear regression analysis of green turfgrass coverage response during bermudagrass establishment for reference 
evapotranspiration (ETo) levels of 50, 75, 100, and 125% during 2019.  
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Figure 7. Nonlinear regression analysis of green turfgrass coverage response during bermudagrass establishment for ‘Princess 77’ and 
‘Sahara II’ bermudagrass during 2019.  
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Figure 8. Nonlinear regression analysis of green turfgrass coverage response during bermudagrass establishment for ‘Princess 77’ and 
‘Sahara II’ bermudagrass when irrigated to replace 75% of reference evapotranspiration (ETo) during 2019. 
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CONCLUSIONS 
 Maintaining lawns under limiting water conditions is an important factor that many 
homeowners and turfgrass practitioners are faced with on a daily basis. These studies were 
designed to determine the grasses well adapted to drought stress conditions in Fayetteville, AR, 
and to provide irrigation recommendations for grasses during establishment and maturity. With 
technology continuing to increase in the turfgrass industry, applying data from the present 
studies can aide in more efficient irrigation. 
 Turfgrass breeders are constantly developing new cultivars with improved drought 
tolerance characteristics, therefore it is important to screen these cultivars against cultivars with 
known drought tolerance. A study was conducted to determine the water requirements of 
Kentucky bluegrass and tall fescue cultivars under chronic drought stress conditions. 
Unfortunately, there were no differences present when comparing irrigation requirements, but 
there were differences when assessing the acute drought tolerance of the cultivars during the 
period prior to the first irrigation event. This further exemplifies the importance of acute drought 
stress studies when assessing the drought tolerance of cultivars. 
 With Kentucky bluegrass cultivars of known drought tolerance and susceptibility, a field 
lysimeter experiment was conducted to aide in fine-tuning irrigation recommendations for turf 
grown in varying soil textures when irrigated at different frequencies and volumes. In the 
conditions present, soil texture only affected turfgrass quality at extreme deficit irrigation. More 
research utilizing different soil textures, cultivars, and irrigation practices will assist in fine-
tuning irrigation recommendations for a variety of turfgrass systems. 
 An area of scientific literature that is limiting is identifying irrigation recommendations 
during turfgrass establishment from seed. Another field experiment was performed to determine 
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the irrigation requirements of bermudagrass cultivars during establishment. The results indicate 
that the drought tolerance of a cultivar at maturity does not affect the cultivar’s water 
requirements during establishment, and that irrigating to replace 100% of the previous day’s 
reference evapotranspiration is sufficient for acceptable establishment. Further investigations 
should determine if these recommendations are applicable to different turfgrass species in 
different climates. 
 The use of this data, and future data, can aide in more efficient irrigation practices. 
Instead of practitioners being forced to interpret this data, smart irrigation controllers may 
eventually have the capability to create custom irrigation regimes depending on the species and 
cultivar grown, as well as the soil texture present in conjunction with reference 
evapotranspiration data. Together, this programming can aide in precise irrigation applications 
during both establishment and maturity, while ultimately reducing global water use. 
